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ABSTRACT
Validation of Tissue Nutrient Status for Tart Cherry (Prunus cerasus) and Peach
(Prunus persica) in Utah
by
Emily Tsai, Master of Science
Utah State University, 2015
Major Professor: Dr. Grant E. Cardon
Department: Plant, Soils, and Climate
Nutrient concentrations in plant tissues are directly correlated with the
nutritional status and productivity of fruit trees. Plant tissue testing is one of the
most effective and accurate methods to determine nutritional status of perennial
plants. Tissue test analyses were performed on tart cherry (Prunus cerasus) and
peach (Prunus persica) leaves to validate tissue sufficiency levels used in Utah
and to determine optimal timing of tissue sampling for prediction of harvest
nutrient status, focusing on phosphorus (P), potassium (K), calcium (Ca), iron
(Fe), and zinc (Zn). Sufficiency limits that were adopted in Utah were developed
in the 1960s from research data accumulated from the primary fruit growing
regions in the United States. Limited research has been conducted under Utah
growing conditions. Tissue nutrient concentrations over time correlated well with
current sufficiency limits and observed nutrient deficiencies in the field. Tissue
concentrations of P, K, Fe, and Zn were found to be chronically low in Utah
orchards. Plant tissue data demonstrates that mid-season sampling can predict
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nutrient status at harvest. Mid-season sampling also allows time for corrective
adjustments to maintain sufficiency levels and reach optimal fruit production.
Nutrient management practices are commonly applied annually to increase yield,
fruit quality, and overall health of an orchard. Yield was measured on previously
treated tart cherry orchards to determine residual effect on tree nutrient status.
Orchards were treated 2 to 3 years prior with rate-response formulations of P and
K; one has since adopted recommended fertilizer rates for optimizing tart cherry
production in Utah and the other continued with their less aggressive
management practices. The less aggressively managed orchard showed trends
across treatments, but differences were not significant. Annual fertilizer
applications may not immediately show effect during year of application, but long
term management is essential for overall productivity of orchards.

(184 pages)
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PUBLIC ABSTRACT

Validation of Tissue Nutrient Status for Tart Cherry (Prunus cerasus) and Peach
(Prunus persica) in Utah
By Emily Tsai

Fruit tree nutrition requirements change during the growing season as
buds form, shoots grow, fruit sets, and internal reserves are filled. Nutrient
concentrations in plant tissues are directly correlated with the nutritional status
and productivity of fruit trees. Plant tissue testing is used to effectively and
accurately determine the nutritional status of perennial plants. Tissue test
analyses were performed on tart cherry (Prunus cerasus) and peach (Prunus
persica) leaves to validate tissue sufficiency levels used in Utah and to determine
optimal timing of tissue sampling for prediction of harvest nutrient status,
focusing on phosphorus (P), potassium (K), calcium (Ca), iron (Fe), and zinc
(Zn). Sufficiency limits that are currently used in Utah were developed in the
1960s from research data accumulated from the primary fruit growing regions in
the United States. Limited research has been conducted under Utah growing
conditions to validate nutrient sufficiency levels. Nutrient concentrations from tart
cherry and peach leaves were compared against currently used sufficiency limits.
Tissue nutrient concentrations over time correlated well with current sufficiency
limits and observed nutrient deficiencies in the field. Tissue concentrations of P,
K, Fe, and Zn were found to be chronically low in Utah orchards. Growers can
have confidence that sufficiency limits being used to apply fertilizer management
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practices are valid. Three sampling dates were selected to look at nutrient
content over time at bloom, mid-season, and pre-harvest. Plant tissue data
establishes that sampling in the middle of the growing season can predict
nutrient status at harvest. Mid-season sampling also allows time for growers to
correct deficient or excess nutrients found in the plants to maintain sufficiency
levels and reach maximum fruit production. Nutrient management practices are
generally applied annually to increase yield, fruit quality, and overall health of an
orchard. Yield was measured on previously treated tart cherry orchards to
determine fertilizer carryover in perennial plants. Orchards were treated 2 to 3
years prior with formulations of P and K to maximize yield and fruit quality; one
has been using recommended fertilizer rates for Utah since then and the other
continued with their less aggressive management applications. The less
aggressively managed orchard showed trends across treatments, but differences
were not significant. Annual fertilizer applications may not immediately show
effect during year of application, but long term management is essential for
overall productivity of orchards.
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CHAPTER 1
INTRODUCTION
Nutrient concentrations in plant tissues are directly correlated with the
nutritional status of fruit trees. Fruit trees need proper amounts of supplemental
nutrients from fertilizer applications, in addition to suitable soil and water
conditions to maximize yield and fruit quality. There are 17 essential nutrient
elements required for plant growth. Three elements- carbon (C), hydrogen (H),
and oxygen (O) - are primarily absorbed from atmospheric air and soil water
(Follett, Murphy, & Donahue, 1981). The other 14 elements are taken up through
plant roots growing in the soil. These elements are separated into two
categories: macronutrients and micronutrients. Macronutrients- nitrogen
(N),phosphorus (P), potassium (K), sulfur (S), calcium (Ca), and magnesium
(Mg)- are required in larger quantities than micronutrients- iron (Fe), boron (B),
manganese (Mn), molybdenum (Mo), copper (Cu), zinc (Zn), chloride (Cl), and
nickel (Ni). Micronutrient tissue concentrations are 100-10,000 times lower than
macronutrients (Swietlik, 2003). Sufficient, often also known as adequate or
normal, amounts of plant nutrients result in increased quality and productivity.
Excess amounts of nutrients result in plant toxicity and nutrient imbalance.
Plants will slow down their normal rate of development or show signs of trouble
when there is an imbalance of nutrients (Scarseth & Salter, 1941). When plant
growth exceeds the supply of nutrients, plants become nutrient deficient. Plants
that are deficient experience decreased growth and lower yields.
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Nitrogen, phosphorus, potassium, calcium, iron, zinc, and manganese are
common nutrients found deficient in Utah fruit trees (Thorne & Wann, 1950).
Nutrient deficiency often results from high soil pH values. Soil pH is an important
factor for essential plant nutrient availability. A pH value below 7 is acidic,
whereas values above 7 are alkaline. Utah is known for its highly alkaline soils.
The main problems in alkaline soils are reduced nutrient and especially
micronutrient availability due to immobilization or increased retention in soil as
insoluble solids (Cox & Koenig, 2010). High pH is the direct cause of reduced
availability of many nutrients to plants. Limited nutrient availability occurs when
the soil pH becomes too acidic or too alkaline, depending on the nutrient (Figure
1.1). According to Gale, Koenig, and Barnhill (2001), the high pH in Utah soils is
due to the lack of rainfall during soil development resulting in large accumulations
of calcium carbonate. Large areas containing limestone parent material also
contribute to Utah’s alkaline soils. Natural accumulations of calcium carbonate in
Utah’s semi-arid to arid soils buffer the pH in the 7.5 to 8.2 range and make it
difficult to change the soil pH value.
Deficiency symptoms appear when a plant is not getting enough nutrients.
Symptoms depend on the nutrient, its function in the plant, and the mobility of the
element. Plants reallocate highly mobile nutrients to meet the demands of
actively growing tissues. Mobile elements include N, P, K, chlorine (Cl),
magnesium (Mg), and molybdenum (Mo). Deficiency symptoms in mobile
elements first appear in older leaves whereas; immobile nutrient element
symptoms first appear in younger leaves. Immobile nutrient elements (B, Fe,
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Figure 1.1 Nutrient availability between soil pH 4.0 and 10.0. Darker shading
represents greater availability (Adapted from Micromix, 2011)

and Ca) are unable to move and translocate to other parts of the plant to meet
the demands in developing tissues. The elements, Zn, Mn, Mo, S, Cu, Ni have
mobility that is intermediate, relative to those previously discussed, and
deficiency symptoms for these nutrients are generalized over the plant.
Common Nutrient Deficiencies in Utah
Nitrogen
Nitrogen is one of the essential elements in plant nutrition and is required
in the largest quantity by plants (Follett et al., 1981; Hawkesford et al., 2012).
Nitrogen plays a central role in plant metabolism as a component of proteins,
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nucleic acids, chlorophyll, and secondary metabolites (Hawkesford et al., 2012).
Plants absorb N in both the nitrate (NO3-) and ammonium (NH4+) ionic forms.
Young plants primarily absorb NH4+, while mature plants primarily absorb NO3(Bennett, 1993; Follett et al., 2012). These forms are then converted into amino
acids, the building blocks of proteins and nucleic acids (DNA and RNA).
Nitrogen is the most important element in formation of protein and enzymes, and
increases crop productivity (Scarseth & Salter, 1941; Mengel & Kirkby, 1979).
Symptoms of N deficiency in plants consist of a general yellowing of the
leaf tissue from light green to pale yellow, also known as chlorosis, stunted and
slender growth, and necrosis of older leaves. Older or lower leaves are mostly
affected. Nitrogen is associated with vegetative growth and dark green leaf color
and when plants are deficient in N, there is a lack of green color due to reduced
chlorophyll content (Follett et al., 1981). Nitrogen deficiency results in stunted
chlorophyll and chloroplast development (Mengel & Kirkby, 1979). Overfertilization of N adversely affects tree growth, fruit quality and yield in fruit crops
(Weinbaum, Johnson, & Dejong, 1992; Cardon & Black, 2008).
Phosphorus
Phosphorus is a structural element in nucleic acids and is important in
energy transfer and storage compounds (ATP & ADP), membrane phospholipids,
and sugars. Plants absorb P in one of two forms: monovalent phosphate ion
(H2PO4-) or divalent phosphate ion (HPO42-). H2PO4- is absorbed when the soil
pH is less than 7.2 and HPO42- is absorbed when the soil pH is greater than 7.2
(Bennett, 1993). Phosphorus is used in the development of roots and the
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function and maintenance of plant energy (Cardon & Black, 2008). Sufficient
levels of P are important for seed formation, development, and fruit firmness
(Bennett, 1993; Faust, 1989).
Deficiency symptoms in plants include dark green or purple leaves,
restricted growth, and in some cases, mottling. Older or lower leaves are
affected, but younger leaves may also appear chlorotic. Phosphorus deficiency
symptoms are a result of disturbed protein synthesis and result in stunted
vegetative growth (Faust, 1989). Phosphorus deficiency can result in decreased
bud formation, poor fruit quality, delayed fruit growth and low yields. High P
levels in soils also reduce growth rates because the uptake and translocation of
Zn, Fe, and Cu are disrupted (Faust, 1989).
Potassium
Potassium in its ionic form in soils, K+, is necessary for living organisms
(Mengel & Kirkby, 1979). It activates enzymes, regulates osmotic movements,
maintains turgor pressure and stomatal function, and is used in photosynthesis,
respiration, protein formation, and cell expansion (McCauley, Jones, & Jacobsen,
2009; Faust, 1989). Potassium is involved in the transportation and assimilation
in the phloem and xylem between plant and water, as well as the transfer of
nutrients, especially Ca (Bennett, 1993; Cardon & Black, 2008). Fruit size and
quality are related to K levels (Moore-Kucera, 2000). Adequate levels of K
promote thick cell walls and tissue stability for better resistance to pests and
disease (Bennett, 1993). Levels of K in Utah soils are normally sufficient without
additional fertilizer application due to the weathering of clay but deficiencies
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occur in soils with low clay content and often appear as Ca or similar
micronutrient imbalances (Cardon & Black, 2008).
Plant growth rates decrease before visual symptoms appear (Mengel &
Kirkby, 1979). Older leaves show interveinal chlorosis and marginal necrosis
spots or leaf scorching when deficient. Leaf scorching resembles injury caused
by heat: dark brown with dead leaf margins (Thorne & Wann, 1950). Shoots and
stems appear slender. Potassium deficiency can result in reduced growth rate
and small, poorly colored fruit with low acidity (Mengel & Kirkby, 1979; MooreKucera, 2000). Excess K concentrations in soils can result in Mg, Mn, and Ca
deficiencies.
Calcium
Calcium is considered a macronutrient but functions as a micronutrient
(Faust, 1989). Calcium in ionic form in soils, Ca2+, is the most critical element in
promoting fruit development, determining fruit quality, and firmness (Faust, 1989;
Follett et al., 2012). It is used in the formation of calcium pectate, regulates cell
wall production and the translocation of carbohydrates, and acts as an enzyme
modulator. Calcium is required in cell elongation, cell division, and membrane
stabilization (Bennett, 1993; Hawkesford, 2012; Mengel & Kirkby, 1979; Follett et
al., 2012). Calcium influences water and nutrient uptake. The concentration of
Ca in plants affects fruit storability and helps with delaying fruit ripening (Faust,
1989).
Young leaves in plants are affected first because Ca is a relatively
immobile element. Leaves appear to be deformed, chlorotic and weak. Terminal
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buds are typically hooked, brown colored, and die quickly. Calcium deficiency
results in decreased fruit development and stunted root growth. Cell turgor is
decreased and cells become weak and breakdown. High levels of Ca in soil
result in Ca toxicity which prevents seed germination and reduces plant growth.
Iron
Iron is taken up by plants in the form of ferrous (Fe2+) or ferric (Fe3+) ions.
Fe3+ must be reduced to Fe2+ at the root surface before transport into the
cytoplasm (Marschner, 1986). Iron deficiency is a very common problem
throughout Utah and is the direct result of high pH soils reducing the availability
of iron to plants. Iron is involved in the development and function of chlorophyll
in plants. Iron is found in many proteins and enzymes associated with energy
transfer within the plant, plant respiration, plant metabolism, and photosynthesis.
The primary symptom of Fe deficiency is the development of dark green
veins and yellow, or chlorotic, interveinal leaf tissue due to the lack of chlorophyll.
Chlorophyll formation is greatly affected due to weakened protein synthesis
(Faust, 1989). The lack of chlorophyll decreases photosynthesis. Because Fe is
fairly immobile in plants, deficiency symptoms first appear in younger leaves.
Under extreme deficiencies, leaves turn from chlorotic yellow to bleached white.
Iron deficiency can result in reduced shoot growth and stunted plants, as well as
reduced fruit quality and size.
Zinc
Zinc, Zn2+, deficiency is a common nutrient disorder, especially in Utah.
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Zinc is involved in the synthesis of enzymes, proteins, and hormones, some of
which are directly involved in photosynthesis. It regulates gene expression.
Zinc deficiency known as “little leaf” can result in leaf chlorosis, rosetting,
blindwood, and shoot dieback (Woodbridge, 1954). The first symptom of zinc
deficiency is chlorosis. Reddish spots may develop on older leaves. These
small leaves often start to crinkle and lead to leaf rosetting as deficiency
becomes severe. Blindwood occurs on previous year’s shoots. Shoot tips do not
elongate fully and result in stunted internode lengths.
Tests for Diagnosing Nutrient Deficiencies
There are three basic tests for diagnosing nutrient deficiencies and
toxicities; soil testing, plant tissue analysis, and visual observations. Koenig and
Lindstrom (2001) stated that soil testing is critical before establishing an orchard
to notice any trajectory trends and to evaluate any underlying characteristics of
the trees and surrounding areas. Soils should be tested periodically if soil
conditions change. Soil testing also correlates with leaf and tissue analysis
(Faust, 1989). Plant tissue testing is the most reliable and accurate indicator of
fruit tree nutrient supply in an orchard. Soil testing, plant tissue testing, and
visual interpretations should be used together to gain a stronger understanding
and knowledge of plant nutrient needs (Bennett, 1993). Visual observations are
based on symptoms that appear in tissue leaves and are not as reliable as soil
and tissue testing. Visual symptoms can also be misleading when it comes to
nutrient deficiencies. Many nutrients share similar deficiency symptoms and are
difficult to distinguish without proper analyses. Plants are also often deficient but
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do not show any symptoms until yield and plant growth have already decreased
(Cardon & Black, 2008; Reed, 1989).
Tissue testing is a very effective and dependable indicator of nutrient
status in orchards. Tissue analyses help to distinguish between underlying plant
nutrient imbalances and visual symptoms. Plant tissue testing is the best choice
for tree fruit crops for repeated testing because soil testing does not accurately
represent the soil fertility needs of trees, due to the difficulty of soil sampling
where most of the active root system is located (James & Topper, 1993).
Tissue testing allows fruit growers to monitor nutrient levels at critical
stages of bud formation, plant growth, and fruit development (Cardon & Black,
2008). Growers are able to make mid-season corrective fertilizer applications
where nutrients are deficient or in excess. Plant tissue testing also measures the
effectiveness of fertilizer management. When essential plant nutrients are
imbalanced, chemical fertilizers and soil amendments are recommended (Follett
et al., 1981). The efficient use of fertilizers increases the supply of soil nutrients
and organic matter and decreases excess nutrients to reach optimum growth
(Follett et al., 1981). In order to apply the correct amount of nutrients to achieve
maximum productivity of trees, the nutritional status of trees must be determined.
The best time to sample leaf tissue for analysis is not known. Leaf
sampling in Utah is recommended for routine testing from July 15 to August 15
(Koenig & Lindstrom, 2001). According to Koenig and Lindstrom (2001), this
standard sampling window is based on past research done on critical nutrient
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concentrations in the primary fruit growing regions of the United States outside of
Utah.
Plant tissue analyses determine essential nutrient concentrations in leaf
tissues. The concentration of an essential nutrient is an indicator of nutrient
supply (Nelson, 1989). Proper knowledge of plant analysis results is critical to
effectively read and understand sufficiency ranges (Campbell, 2000). Sufficient,
sometimes labeled as adequate or normal, values result in optimum yield and
fruit quality (Figure 1.2). Excess amounts of nutrients inhibit plant growth and
cause nutrient imbalances. Plants that are nutrient deficient result in decreased
yield and decreased normal growth. Data used to create these limits were

Figure 1.2 Relationship between plant growth and nutrient concentration
(Adapted from Marschner, 1986)
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obtained from numerous references and analyses based on research
experiments, grower management history, and professional experiences from
universities. Nutrient ranges are often created by university extension specialists
for a specific region and crop to better understand ideal growing conditions and
create recommended fertilizer rates. Plant analysis is used for diagnosing and
monitoring nutrient deficiency symptoms, as well as managing soil fertility
recommendations.
The main purpose for this research is to determine and validate tissue test
sufficiency levels for Utah fruit crops. Sufficiency limits that were adopted and
are currently being used for desired tree fruit nutrient levels in Utah were
developed in the 1960s. Nutrient management guidelines specific for Utah
growing conditions have not been established. Utah fruit growers rely heavily on
tissue test nutrient sufficiency recommendations from out-of-state management
programs in the Pacific Northwest, Eastern, and Southern United States (Rowley,
2013; James & Topper, 1993). Little to no research has been conducted to
validate the use of these sufficiency levels for Utah’s climate and soils.
Validation is critical in establishing confidence in making fertilization management
practices by Utah fruit growers.
Sufficiency limits used in this research (Tables 1.1 and 1.2) were ranges
found in Rowley (2013), the Plant Analysis Handbook (Bryson et al, 2014) used
by Utah State University’s Analytical Laboratory for their soil and plant analysis
recommendations, and the Utah Fertilizer Guide (Walker, Hatch, & Lindstrom,
1989).
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Fruit tree nutrition varies depending on age of tree, environmental
conditions, and variety of crop (The Fertilizer Institute, 2015). Nutrient needs
change during the growing season as fruit sets, shoots grow, and internal
reserves are filled (Faust, 1989). An understanding of the time-dependency of
leaf nutrient status is important in determining optimal timing of sampling for
monitoring nutrient sufficiency and fertilizer management efficacy.
Perennial crops such as tree fruits tend to integrate nutrient content
changes over time as feedback mechanisms of tree health in one year determine
bud and fruiting wood formation and eventual yield and tree longevity in

Table 1.1 Standard Sufficiency Ranges for Foliar Nutrient Content in Tart Cherry
and Peach (Ranges modified from Rowley, 2013; Bryson et al, 2014; Walker et
al., 1989)

Tree Fruit
Tart Cherry
Peach

P
0.13-0.24
0.14-0.4

Sufficient Foliar Nutrient Content
Macronutrients
%
K
Ca
1.5-3.0
1.0-2.7
1.0-3.0
0.8-2.6

Micronutrients
ppm
Fe
Zn
50-800
15-125
50-200
18-80

Table 1.2 Sufficient Annual Vegetative Growth Ranges in Tart Cherry and Peach
(Adapted from Rowley, 2013)

Tree Fruit
Tart Cherry
Peach

Sufficient Annual Vegetative Growth
Young
cm
25-51
25-61

Mature
20-38
20-38
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subsequent years. As such, it is also important to look at leaf tissue nutrient
status over time with respect to plant performance and not just rate-responses in
the year of fertilizer application.
Objectives
The following objectives were designed to address the main goal:
1. Validate current tissue nutrient sufficiency limits used under Utah growing
conditions. The working hypothesis is that tissue sufficiency levels
adopted from other fruit production regions are valid under Utah growing
conditions.
2. Determine optimal timing of tissue sampling for prediction of nutrient
status at harvest. The working hypothesis is that there is a point in time,
before harvest, when tissue nutrient content is correlated to overall
seasonal nutrient sufficiency and production.
3. Determine the residual effect of previous fertility treatments on tart cherry
nutrient status. The working hypothesis is that there is no residual effect
from previously applied fertilizer treatments. To test this hypothesis,
tissue samples from orchards differentially fertilized in 2011 were
resampled in 2013 or 2014 and compared.
Chapter 2 contains an evaluation of tart cherry. Chapter 3 contains an
evaluation of peach. Chapters 2 and 3 discuss the development and validation
of current tissue nutrient sufficiency levels used in Utah’s alkaline soils as well as
the best time to tissue sample for tissue nutrient level comparisons at harvest
and differential plant responses for each specified fruit crop. Plant tissue data
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will cross-correlate sample timing and nutrient content with yield and crop
response to validate currently adopted sufficiency levels under Utah-specific
growing conditions. Tissue sampling dates will give growers adequate time to
adjust fertilizer rates according to nutrient needs. Time-series analysis will
observe the influx and efflux patterns of nutrients from leaves. Chapter 4
discusses the possibility of residual effect from previously treated tart cherry plots
done 2-3 years before. This knowledge will give a better understanding of
nutrient storage in fruit trees and residual soil reserves from previous
applications.
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CHAPTER 2
EVALUATION OF TART CHERRY (Prunus cerasus)
Utah’s tree fruit industry consists of five major fruit crops: tart cherry,
peach, apple, sweet cherry, and apricot. There are 2,639 total hectares in Utah
under fruit production. Tart cherry (Prunus cerasus) is Utah’s most important fruit
crop with 1,335 hectares and a utilized production value of $21.5 million in 2014
(USDA-NASS, 2014a). Michigan is the top producer with Utah being the second
highest producer in the nation (USDA-NASS, 2014b).
Fertility management is important in tart cherry production (Rowley, 2013).
Phosphorus and potassium are two main nutrients that are important for fruit
quality and production. Phosphorus increases bud formation, fruit quality, and
fruit growth. It is essential for root growth and function of plant energy (Cardon &
Black, 2008). Potassium is involved in the transportation of nutrients, especially
Ca, which is important for fruit size and quality (Cardon & Black, 2008; MooreKucera, 2000). Both nutrients are needed for optimum tart cherry production.
Materials and Methods
In order to determine the residual effects of P and K fertilizer applications,
tart cherry orchards in southern Utah County that received differential treatments
in 2011 (Rowley, 2011) were resampled (Table 2.1). Site A is located in
Santaquin, Utah and site B is located in West Payson, Utah. Sites A and B
corresponds with sites C and E in Rowley (2013), respectively.

16
Table 2.1 Sites A and B descriptions
Site A
C
Santaquin
1997
Montmorency
Mahaleb

Rowley (2013) Site
Location
Date Planted
Cherry Variety
Rootstock
Adopted Management
Y
Practices?
Experimental Design*
RBD**
Replications
4
Trees per plot
16
Treatment:
Year of Application
2011
Control
X
0.45 kg 0-16-0
X
0.45 kg 0-0-16
X
0.23 kg 0-16-16
X
0.45 kg 0-16-16
X
0.91 kg 0-16-16
X
0.45 kg 0-16-16 (2X)
X
0.91 kg 0-16-16 (2X)
X
Timing of Sampling:
Year of Sampling
2013
May
X
June
X
July
X
New Growth
X
Yield
2011 & 2013
*RBD= randomized block design
**Blocked by tree uniformity

Site B
E
West Payson
1997
Montmorency
Mahaleb
N
RBD**
4
10
2011
X
X
X
X
X
X
X
X
2014
X
X
X
X
2011 & 2014

Treatment blocks at each site were selected based on past production,
tree uniformity, and nutrient management history (Rowley, 2013). The
experimental design at both sites was randomized block design with four
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replications. Trees were selected for uniformity and blocked by location. Eight
treatments were applied within each replication including one control treatment.
According to the size of the orchard, applications were made to 16-tree (A) or 10tree (B) plots. Both sites consisted of mature producing tart cherry trees.
Rate-response plots received different P and K applications and were
compared for yield and fruit quality (Rowley, 2013). Sites were fertilized with two
treatments of P and K separately, five treatments of P and K fertilizer combined
to meet the analysis ratio of 0-16-16 at five different rates, and a control receiving
no additional P or K. The combined rates of 0-16-16 applications to each tree
within a plot were 0.23 kg, 0.45 kg, 0.91 kg, 0.45 kg applied twice and 0.91 kg
applied in mid-May and again in mid-June. All plots in site A received 0.32 kg N
per tree. Only the control in site B received 0.32 kg N per tree. The first set of
treatments was applied on 20-21 May 2011 prior to a rainstorm and the second
set of treatments was applied 21-24 June 2011 prior to a scheduled irrigation.
The grower at site A adopted fertilizer recommendation rates, established
by Rowley (2013), of 0.45 kg of Triple-16 (16-16-16) per tree, the year after the
original study was completed (2012). The grower at site B continued with
minimal nutrient management after the year of application (2012) of a mixture of
foliar 3-18-18, urea, and zinc. Both growers apply 0.80 kg per tree of urea each
winter.
Site A
Site A was planted in 1997. This site has a soil classification of welldrained Keigley silty clay loam with a pH range of 7.8 to 8.0, contains 3.5 %
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organic matter, and has 0 to 2% slopes. Trees are mature and uniform in size.
Annual production for this orchard is 30 to 50 kg per tree (Rowley, 2013). Prior
to the experiment, moderately aggressive grower management at site A included
nutrient applications when deficiency symptoms were visible. Previous N
additions were applied at 209 g/tree when visible deficiency symptoms appeared.
Site B
Site B was planted in 1997. This site has a soil classification of welldrained Welby silt loam with a pH range of 7.7 to 8.2, contains 2.0% organic
matter, and has 1 to 3% slopes. Trees are mature and uniform in size. Annual
production for this orchard is 25 to 35 kg per tree (Rowley, 2013). Prior to the
experiment, minimal grower management at site B included no additional N, P, or
K applications.
A proof of concept study was used to determine if there is residual effect
after 2-3 years. Leaf tissue samples, new growth measurements, and yield were
collected and recorded for both sites. Site A was re-sampled only in 2013. Site
B was re-sampled only in 2014. Sites A and B were re-sampled to compare
adopted management practices to sufficiency limits and to look for fertilizer carryover from 2011 rate response trials. Both sites consist of mature producing tart
cherry trees.
Plant tissue samples were collected throughout the growing season.
Samples were taken every 14 days from bloom to harvest, and 2 weeks after
harvest. Leaf tissue samples were collected from mid-shoot on the new growth
found in the middle of the tree. Tissue samples were oven dried at 60°C for 2-3
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days, depending on the moisture content in the leaves. Dried samples were
ground with a Wiley Mill (Thomas Scientific) and sieved through a 0.20 mm mesh
screen. Ground samples were then weighed and digested in a nitric acid (HNO3)
and hydrogen peroxide (H2O2), solution in a wet ashing open vessel (Gavlak,
Horneck, & Miller, 2005). Samples were weighed at 500.0 ± 0.2 mg into a
volumetric digestion tube. Using a repipette, 6.0 mL of nitric acid was added to
the dry leaf tissues, swirled until completely wet, and allowed to predigest at
room temperature for ten minutes. Digestion tubes were placed on a digestion
block for ten minutes at 80°C, removed, and allowed to cool. When cooled, 2.0
mL of 30% hydrogen peroxide solution was added in two separate amounts of
1.0 mL each. Tubes were placed back onto the digestion block for one hour at
130°C. Samples were mixed and cooled using a vortex stirrer and diluted to final
volume with deionized water. Digests were filtered through Whatman 1 filter
paper prior to analysis. Samples were stored in a 4°C cooler between digestion
and analysis. Plant digests were analyzed by inductively coupled plasma atomic
emission spectrometry (ICP- AES).
New growth was measured from the terminal bud to the previous years’
growth. The average of 10 new growth cuttings per plot were calculated and
recorded.
Yield was measured and recorded for each site during harvest with a tank
depth gauge. Tart cherry yield is recorded by measuring fruit depth in a 114 cm
x 91 cm x 76 cm harvest tank using a float gauge at the beginning and end of
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each plot and tank fruit load is calculated with a gauge conversion constant using
industry standard practices.
Mean treatments and yield were compared using an analysis of variance
with PROC GLIMMIX (V.9.4; SAS Institute, Inc., Cary, NC, USA).
Results and Discussion
Three sampling dates corresponding to bloom, mid-season, and preharvest were selected for comparing nutrient concentrations of P, K, Ca, Fe, and
Zn. Site A sampling dates were 30 May, 25 June, and 22 July 2013. Site B
sampling dates were 28 May, 24 June, and 29 July 2014.
Validation of Nutrient Sufficiency Limits for Tart Cherry
This experiment was designed to look at nutrient concentration over time
in tart cherry.
Site A
Tissue concentrations of P and Ca exceeded minimum threshold values
throughout the growing season (Figure 2.1 i; Figure 2.2 iii). K, Fe, and Zn were
below the sufficiency limits (Figure 2.1 ii; Figure 2.2 iv; Figure 2.2 v). P, K, and
Zn concentrations steadily decreased over the season while Ca increased. Fe
concentrations fluctuated. P concentrations started high but decreased to the
lower end of the sufficiency range towards the end of the season. Ca stayed well
within the sufficiency limits throughout the growing season. K fell right at the
lower sufficiency range and decreased below the limit during the season. Fe
concentrations started below the sufficient levels, increased mid-season, and fell
at lower sufficiency limit. Zn started within the sufficiency levels but steadily
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i)

ii)

Figure 2.1 The effect of P and K applications on concentration of (i) phosphorus
and (ii) potassium in tart cherry leaf samples throughout the growing season at
site A in 2013, two years after original application. Horizontal lines represent
currently adopted upper and lower sufficiency limits. Letters indicate significant
differences within a sampling date at p ≤ 0.10.
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iii)

iv)

v)

Figure 2.2 The effect of P and K applications on concentration of (iii) calcium, (iv)
iron, and (v) zinc in tart cherry leaf samples throughout the growing season at
site A in 2013, two years after original application. Horizontal lines represent
currently adopted upper and lower sufficiency limits. Letters indicate significant
differences within a sampling date at p ≤ 0.10.
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decreased below the sufficiency levels. P, K, Fe, and Zn consistently stayed
within the lower end of the sufficiency levels.
There were treatment differences in nutrient concentrations within each
date for Ca (all differences are considered significant at p ≤ 0.10) but not for any
of the other nutrients analyzed. Concentration from treatments 0.45 kg 0-16-0
and 0.23 kg 0-16-16 were significantly different from 0.45 kg 0-16-16. All other
treatments within Ca were not different.
New growth lengths did not reach sufficient ranges (Figure 2.3 vi).
Lengths from treatment 0.45 kg 0-0-16 were significantly different than treatment
of 0.91 kg 0-16-16 (2X). Both treatments were not significantly different from
other treatments.
There were no significant differences between treatments for yields
(Figure 2.3 vii). Yield ranged from 35 to 41 kg/tree.
Site B
P concentrations were sufficient in the beginning of the growing season
but fell to the lower end of the range at the end of the season (Figure 2.4 i). K
stayed consistently at the lower end of the sufficiency range throughout the
season (Figure 2.4 ii). Ca had sufficient concentrations throughout the season
(Figure 2.5 iii). Fe and Zn both started at the low end of the sufficiency range
and fell below the limit as the season progressed (Figure 2.5 iv; Figure 2.5 v). P,
K, Fe, and Zn concentrations decreased while Ca concentrations increased.
There were treatment differences in nutrient concentration within each
date for P and Zn (all differences are considered significant at p ≤ 0.10) but not
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vi)

vii)

Figure 2.3 The effect of P and K applications on new growth (vi) and yield (vii) at
site A in 2013, two years after original application. Horizontal lines represent
currently adopted upper and lower sufficiency limits. Letters indicate significant
differences at p ≤ 0.10.
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for any of the other nutrients analyzed. Nutrient concentrations of treatments
0.45 kg 0-0-16 and 0.23 kg 0-16-16 were significantly different from 0.91 kg 0-1616 (2x) in P. All other concentrations of treatments in P were not different.
Treatment of 0.45 kg 0-16-0 was significantly different from 0.91 kg 0-16-16 (2x).
All other treatments in P were not different.
New growth lengths did not reach sufficient ranges (Figure 2.6 vi). There
were no treatment differences in new growth length.
There were no significant differences between treatments for yield (Figure
2.6 vii). Yield ranged from 19 to 31 kg/tree.
Fe and Zn tissue concentrations were consistently at or below the lower
sufficiency limit throughout the growing season. P, K, and Zn leaf concentrations
decreased while Ca increased as the leaves matured and as the fruit developed.
Fe concentrations increased for site A but decreased for site B over the course of
the season.
P and K levels were at or below the lower sufficiency limit at the end of the
growing season. P and K were especially low in the tart cherry orchards.
Additional applications of P and K fertilizers should be added to orchards to
reach sufficiency ranges (see Chapter 4 for historical tart cherry yield data).
The primary indicator for N is measured by new growth (Cardon & Black,
2008). New growth at both sites A and B were below sufficiency limits. This
shows that current fertilizer rates for N used by these growers may need to be
adjusted.
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i)

ii)

Figure 2.4 The effect of P and K applications on concentration of (i) phosphorus
and (ii) potassium in tart cherry leaf samples throughout the growing season at
site B in 2014, three years after original application. Horizontal lines represent
currently adopted upper and lower sufficiency limits. Letters indicate significant
differences within a sampling date at p ≤ 0.10.
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iii)

iv)

v)

Figure 2.5 The effect of P and K applications on concentration of (iii) calcium, (iv)
iron, and (v) zinc in tart cherry leaf samples throughout the growing season at
site B in 2014, three years after original application. Horizontal lines represent
currently adopted upper and lower sufficiency limits. Letters indicate significant
differences within a sampling date at p ≤ 0.10.
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vi)

vii)

Figure 2.6 The effect of P and K applications on new growth (vi) and yield (vii) at
site B in 2014, three years after original application. Horizontal lines represent
currently adopted upper and lower sufficiency limits. Letters indicate significant
differences at p ≤ 0.10.
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Leaf Sampling Time for Determining Optimal Nutritional Status for Tart
Cherry
This experiment was designed to determine the best time to sample leaf
tissue for prediction of nutrient status at harvest. Three different approaches
were used to present the results of these findings; statistical evaluation of the
differences between nutrient statuses at different sampling dates; correlation of
nutrient concentrations at bloom or mid-season to pre-harvest values, and a
qualitative prediction of pre-harvest sufficiency status.
Statistical Evaluation of Nutrient Status and Sampling Dates Differences
Site A
Nutrient concentrations at bloom were significantly different from both midseason and pre-harvest for P, K, Ca, Fe, and Zn (Figure 2.7 for P and K and
Table 2.2 for p values of sample date differences; all differences are considered
significant at p ≤ 0.10). Nutrient concentrations at the middle of the season were
significantly different from concentrations at pre-harvest for P, Fe, and Zn. Midseason showed no differences from pre-harvest for K and Ca.
Site B
Nutrient concentrations at bloom were significantly different from both
middle and pre-harvest for P, K, Ca, Fe, and Zn (Figure 2.8 for P and K and
Table 2.2 for p values of sample date differences; all differences are considered
significant at p ≤ 0.10). Nutrient concentrations in the middle of the season were
significantly different from concentrations at pre-harvest for P, Ca, Fe, and Zn.
Middle showed no differences from pre-harvest for K.
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i)

ii)

Figure 2.7 The effect of P and K applications on sample date differences for
phosphorus (i) and potassium (ii) concentrations at site A in 2013, two years after
original application. Horizontal lines represent currently adopted upper and lower
sufficiency limits. Letters indicate significant differences at p ≤ 0.10. Same letter
comparisons above the graph are valid across treatments at each date.
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Correlation of Nutrient Concentrations at Bloom or Mid-season to Pre-harvest
P, K, Fe, and Zn values for tart cherry nutrient concentrations at bloom or
mid-season were plotted against values at pre-harvest (Figure 2.9). Values fall
near the 1:1 line when bloom and mid-season values best correlate values at
pre-harvest. Mid-season values were consistently near the 1:1 line for all
nutrients. Values at bloom were almost always found further away from the 1:1
line.
Qualitative Prediction of Pre-harvest Sufficiency Status
Nutrient status classifications at bloom and mid-season were compared to
pre-harvest nutrient sufficiency status for P and K. Table 2.3 is a way to
correlate the categorical classification (sufficient or deficient) at bloom and midseason with the pre-harvest classification. Negative (-) symbols represent
occasions where the classifications were different. Positive (+) symbols are
occasions where the classifications were the same as the pre-harvest status.
Positive (+) occurrences serve as a predictor of the final condition at pre-harvest.
Almost all sites showed that mid-season nutrient status consistently agreed with
pre-harvest sufficiency status.
Nutrient concentrations at bloom, in the middle of the season, and at preharvest were significantly different from each other for sites A and B.
Concentrations of all treatments at each date were significantly different from
each other.
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i)

ii)

Figure 2.8 The effect of P and K applications on sample date differences for
phosphorus (i) and potassium (ii) concentrations at site B in 2014, three years
after original application. Horizontal lines represent currently adopted upper and
lower sufficiency limits. Letters indicate significant differences at p ≤ 0.10. Same
letter comparisons above the graph are valid across treatments at each date.
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Table 2.2 P- values for Sample Date Differences for Sites A and B
Site
A

Year Nutrient
2013 P

K

Ca

Fe

Zn

B

2014 P

K

Ca

Fe

Zn

Date vs Date
1
2
1
3
2
3
1
2
1
3
2
3
1
2
1
3
2
3
1
2
1
3
2
3
1
2
1
3
2
3
1
2
1
3
2
3
1
2
1
3
2
3
1
2
1
3
2
3
1
2
1
3
2
3
1
2
1
3
2
3

Adj P
<0.0001
<0.0001
<0.0001
0.0206
0.002
0.2589
<0.0001
<0.0001
0.7808
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.8815
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.0175
<0.0001
<0.0001

Figure 2.9 Nutrient values at bloom or mid-season compared to pre-harvest in tart cherry.
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Table 2.3 Qualitative Prediction of Pre-harvest Sufficiency Status in Tart Cherry
Tree Fruit

Site

Year

A

2013

B

2014

Tart Cherry

Nutrient
P
K
Ca
Fe
Zn
P
K
Ca
Fe
Zn

Bloom vs. Pre-harvest
+
+
+
-

Mid-season vs. Pre-harvest
+
+
+
+
+
+
+
+

Mid-season sampling is the best indicator for sufficient nutrient status at
pre-harvest. Sufficient nutrient content is desired for increased fruit growth,
quality, and production. P, K, Fe, and Zn nutrient levels were consistently near
or below the sufficiency levels throughout the growing season. Mid-season
sampling would allow time to correct for nutrient deficiencies or excess nutrients
and to achieve nutrient sufficiency levels.
Conclusion
Sufficiency limits adopted by Utah were developed from primary fruit
growing areas around the United States. Nutrient sufficiency ranges specific to
Utah growing conditions have not been established. Recommendations used in
Utah for tart cherry are valid for P, K, Ca, Fe, and Zn.
Tart cherry is a highly valuable fruit crop for Utah. P and K fertility
management is important for tart cherry production. P leaf concentrations were
sufficient at the beginning of the season but decreased below the sufficiency
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limits by harvest. K nutrient levels were consistently at or below the lower
sufficiency limit throughout the growing season. Additional P and K applications
should be added to reach sufficiency limits.
Utah has highly alkaline soils and arid climate conditions, which result in
low Fe and Zn nutrient availability. Fe and Zn tissue concentrations were
consistently at or below the lower sufficiency limit throughout the growing
season, whereas Ca concentrations were within sufficiency limits. This was
reflected in what was seen in the orchards. Additional Fe applications should
also be added to reach sufficient limits.
The optimal time for tissue sampling allows the ability to predict harvest
nutrient status and differential plant responses. Mid-season sampling is the best
time to sample leaves to maintain sufficiency levels and reach maximum fruit
production. Sampling in the middle of the season will best correlate differential
plant responses to in-season fertilizer management. Growers are able to make
corrective fertilizer applications where it is needed before fruit quality and
production are affected at this sampling date.
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CHAPTER 3
EVALUATION OF PEACH (Prunus persica)
As stated in Chapter 2, peach (Prunus persica) is one of the major fruit
crops produced in Utah. Peach production makes up 526 hectares of Utah’s
2,639 total hectares under production. It had a utilized production value of $6.1
million in 2014 (USDA-NASS, 2014a). Depending on the year, peach is the
second highest producing fruit in Utah, with apple production falling close behind.
Iron deficiency is an ongoing problem in Utah fruit crops, particularly
peach. Plants are unable to take up Fe because of Utah’s highly alkaline soils.
When iron is deficient, plant growth, yield, and fruit quality are reduced. The
primary symptom of Fe deficiency is interveinal chlorosis, which is a general
yellowing of leaves with dark green veins. Severe cases of Fe deficiency result
in pale yellow to white leaves with burnt tips (Childers, 1989).
Iron is one of the most abundant elements on earth but is unavailable to
plants under alkaline conditions found in arid and semi-arid environments
(Abadía, 1993; Follett et al., 1981; Reed, 1989). Naturally accumulated alkaline
salts decrease solubility for certain nutrients, including Fe, and deficiencies start
to appear (Reed, 1989). Deficiencies develop when there are not enough
nutrients for plant uptake. Plant uptake occurs by three major mechanisms:
mass flow, diffusion, and root interception (Follett et al., 1981). Mass flow, is the
movement of ions by flow of water through plant uptake. Diffusion is the
movement of ions in soil through water filled pores. Root interception is the
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interception of a plant root from the movement of ions through the soil. Active
plant uptake requires energy to transport nutrients against its concentration
gradient into the root.
It is often difficult to correct Fe deficiency by adding fertilizers to soil
because the alkaline salts restrict plant uptake (Reed, 1989). Foliar sprays are
frequently used in addition to soil-applied chelates to correct Fe problems in
Utah.
Peach experiments focused primarily on Fe. Treatment-response plots
received different Fe applications and were compared to evaluate the effect of Fe
fertilization on tissue Fe. These plots also allowed opportunity to look at the
effect of time on concentrations of other nutrients and validity of current
sufficiency levels.
Materials and Methods
The study was conducted at five different sites in commercial peach
orchards located in both southern Utah County and Box Elder County (Table
3.1). Two sites (C and D) are located in Payson and Santaquin, Utah County,
Utah. Three sites (E, F, and G) are located in Perry, Box Elder County, Utah.
The experimental designs at the five sites were completely randomized (C
and D) or randomized block designs (E, F, G), blocked by location and slope.
Each site included 1-2 buffer trees between each treatment plot. Treatments,
replications, and trees per plot varied with the size and age of orchard. Sites
varied from young to mature producing peach trees.
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Treatment-response plots consisted of different applications of soil and
foliar iron chelates, with or without sulfuric acid, to determine which combination
of treatments best reduces iron chlorosis. Depending on the size of the orchard,
each site contained all or some of the treatments. Site were fertilized with
EDDHA-Fe soil (-acid) low and high, EDDHA-Fe soil (+acid) low and high,
EDDHA-Fe foliar low and high, DTPA-Fe foliar low and high, and a control
receiving no additional iron. Treatments were applied May to July in 2013 and
2014.
Site C
Site C consisted of John Henry peach trees planted in 2004. This site has
a soil classification of well-drained Cleverly gravelly fine sandy loam with a pH
range of 6.8 to 7.3, contains 3.0% organic matter, and has 6 to 15% slopes.
Trees are mature and uniform in size. Prior to the experiment, aggressive
grower management at site C included soil applications of EDDHA-Fe chelate,
with or without the addition of sulfuric acid. Site C has a history of iron chlorosis.
Soil applications of EDDHA-Fe (-acid) low and high were applied 6 May.
Treatment EDDHA-Fe soil (-acid) low contained 142 g of EDDHA-Fe chelate per
tree (60 kg·hectare-1). Treatment EDDHA-Fe soil (-acid) high contained 284 g of
EDDHA-Fe chelate per tree (119 kg·hectare-1). Chelate solutions were mixed
and poured in a ring formation surrounding the base of the tree, approximately
1.2 m in diameter.
Soil applications of EDDHA-Fe (+acid) low and high were applied 28 May.
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Treatments EDDHA-Fe soil (+acid) low and high contained identical amounts of
chelate as EDDHA-Fe soil (-acid) except that 240 mL of 94% sulfuric acid
(H2SO4) were added to EDDHA-Fe soil (+acid) treatments. Chelate solutions
were mixed and poured around the base of the tree.
Both low and high rates of foliar EDDHA-Fe were applied 4 June with a
second application in the high rate on 15 July. Treatment EDDHA-Fe foliar low
contained 2.32 g EDDHA-Fe chelate per tree (0.97 kg·hectare-1). Treatment
EDDHA-Fe foliar high contained two equal sprayer applications of EDDHA-Fe
foliar low. Chelate solutions were mixed and sprayed on trees using a calibrated
sprayer.
Both low and high rates of foliar DTPA-Fe were applied 4 June with a
second application in the high rate at 7 July. Treatment DTPA-Fe foliar low
contained 9.19 g DTPA-Fe chelate per tree (3.86 kg·hectare-1). Treatment
DTPA-Fe foliar high contained two equal sprayer applications of DTPA-Fe foliar
low. Chelate solutions were mixed and sprayed similar to foliar EDDHA-Fe.
Site D
Site D was separated into two plots. Two varieties of peaches were
planted on the same plot. Site D.1 consisted of Red Haven peach trees and site
D.2 consisted of O’Henry peach trees. Both sites were planted around 2007.
These sites have a soil classification of well-drained Lakewin gravelly fine sandy
loam with a pH range of 7.2 to 8.3, contain 2.0% organic matter, and have 1 to
6% slopes. Trees are mature and uniform in size. Prior to the experiment,
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aggressive grower management at site D included soil applications of EDDHA-Fe
chelate. Site D has a history of iron chlorosis.
Site D.1
Applications of treatments were done on the same date, using the same
techniques, as described in Site C. Due to plot size, EDDHA-Fe soil (-acid) high,
EDDHA-Fe soil (+acid) high, EDDHA-Fe foliar high, and DTPA-Fe foliar high
were not applied.
Site D.2
Applications of treatments were done on the same date, using the same
techniques, as described in Site C.
Site E
Site E consisted of Early Elberta peaches planted in 2008. This site has a
soil classification of well-drained Parley’s silty clay loam with a pH range of 7.1 to
8.0, contains 2.0% organic matter, and has 0 to 3% slopes. Site E has a high
clay percentage of 27 to 31% and is located towards the bottom of a hillside with
a high water table. Trees are mature and uniform in size but heavily chlorotic.
No previous grower management of iron chelate had been applied prior to this
experiment.
Soil applications of EDDHA-Fe (-acid) low and high were applied 4 June.
Treatment EDDHA-Fe soil (-acid) low contained 110 g of EDDHA-Fe chelate per
tree (46 kg·hectare-1). Treatment EDDHA-Fe soil (-acid) high contained 220 g of
EDDHA-Fe chelate per tree (92 kg·hectare-1). Chelate solutions were mixed and
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poured similar to site C foliar applications.
Soil applications of EDDHA-Fe (+acid) low and high were applied 10 June.
Chelate solutions were mixed and poured similar to site C. Treatments EDDHAFe soil (+acid) low and high contained identical amounts of chelate as EDDHAFe soil (-acid) except that 600 mL of 35% sulfuric acid were added to EDDHA-Fe
soil (+acid) treatments. Chelate solutions were mixed and poured around the
base of the tree.
Foliar applications of EDDHA-Fe foliar low and DTPA-Fe foliar low were
applied 19 June. Treatment EDDHA-Fe foliar low contained 2.84 g EDDHA-Fe
chelate per tree (1.19 kg·hectare-1). Treatment DTPA-Fe foliar low contained
11.2 g of DTPA-Fe chelate per tree (4.70 kg·hectare-1). Chelate solutions were
mixed and sprayed on trees using a calibrated sprayer.
Site F
Site F consisted of O’Henry peaches planted around 2002. This site has a
soil classification of moderately well-drained Timpanogos loam with a pH range
of 7.3 to 8.3 and has 0 to 3% slopes. Site F contains 2.5% organic matter and a
medium clay percentage of 19 to 23%. Trees are mature and uniform in size. No
previous grower management of iron chelate applications had been applied prior
to this experiment.
Applications of treatments were done on the same date, using the same
techniques, as described in Site E. Treatments EDDHA-Fe soil (+acid) low and
high were not applied.
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Site G
Site G consisted of O’Henry peaches planted in 2011. This site has a soil
classification of excessively drained Kilburn gravelly sandy loam with a pH range
of 6.1 to 6.7 and has 3 to 6% slopes. Site G contains 3.5% organic matter and a
low clay percentage of 7 to 14%. Trees are young and uniform in size. No
previous grower management of iron chelate applications had been applied prior
to this experiment.
Applications of treatments were done on the same date, using the same
techniques, as described in Site E. Due to plot size, EDDHA-Fe soil (-acid) high,
EDDHA-Fe soil (+acid) low and high were not applied.
Treatment blocks were selected based on degrees of iron chlorosis, age
of orchard, and nutrient management history. Leaf tissue samples and new
growth measurements were collected and recorded for all sites. Due to
miscommunication between growers and pickers, yield was only recorded for
sites D.1 and E. Sites had similarly designed treatment blocks and were
sampled in 2013 (C and D) and 2014 (C, E, F, G). Sites were sampled to test
the effectiveness of different iron applications and to compare grower
management practices to sufficiency limits.
Leaf tissue samples were collected every 4 weeks from bloom to harvest,
and two weeks after harvest. Tissue samples were collected and digested in the
same way as sites A and B in Chapter 2.
New growth was measured from the terminal bud to the previous years’
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growth. The average of 6 new growth cuttings per plot were calculated and
recorded.
Yield was weighed and recorded during harvest, for sites that were
available. Peach harvest yield was measured by weighing peaches from 1 to 2
center trees within the plot.

Table 3.1 Sites C, D, E, F, and G Descriptions
Site C
Site D.1
Side D.2
Site E
Location
Payson
Santaquin Santaquin
Perry
Date Planted
2004
2007
2007
2008
Peach Variety
John Henry Red Haven
O'Henry Early Elberta
Rootstock
Nemagard
Lovell
Lovell
Lovell
Previously treated
Y
Y
N
Y
with Fe?
Experimental Design*
CRD
CRD
CRD
RBD**
Replications
5
6
4
5
Trees per plot
6
6
6
3
Treatment:
Year of Application
2013
2013
2013
2014
Control
X
X
X
X
EDDHA-Fe soil low (-acid)
X
X
X
X
EDDHA-Fe soil low(+acid)
X
X
X
X
EDDHA-Fe foliar low
X
X
X
X
DTPA-Fe foliar low
X
X
X
X
EDDHA-Fe soil high (+acid)
X
X
X
EDDHA-Fe soil high (-acid)
X
X
X
EDDHA-Fe foliar high
X
X
DTPA-Fe foliar high
X
X
Timing of Sampling:
Year of Sampling
2013 & 2014
2013
2013
2014
May
X
X
X
June
X
July
X
X
X
X
August
X
X
X
September
X
New Growth
X
X
X
X
Yield
X
X
*CRD= completely randomized design; RBD= randomized block design
** Blocked by slope in elevation

Site F
Perry
2002
O' Henry
Lovell

Site G
Perry
2011
O' Henry
Unknown

N

N

RBD**
5
3

RBD**
5
3

2014
X
X

2014
X
X

X
X

X
X

X

2014

2014

X
X

X (2x)
X

X
X

X
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Mean treatments and yield were compared using an analysis of variance
with PROC GLIMMIX (V.9.4; SAS Institute, Inc., Cary, NC, USA).
Results and Discussion
Three sampling dates corresponding to bloom, mid-season, and preharvest were selected for comparing nutrient concentrations of P, K, Ca, Fe, and
Zn. Sites C 2013, D.1, and D.2 sampling dates were 21 May, 22 July, and 20
August 2013. Site C 2014 sampling dates were 28 May, 21 July, and 20 August
2014. Site E sampling dates were 3 June, 30 June, and 28 July 2014. Sites F
and G sampling dates were 3 June, 28 July, and 2 September 2014.
Validation of Nutrient Sufficiency Limits for Peach
This experiment was designed to look at nutrient concentration over time
in peach.
Site C 2013
Leaf tissue concentrations of Fe started below the minimum threshold
values, increased into the sufficiency range, but constantly stayed towards the
lower end of the sufficiency range (Figure 3.1 i). Zn started sufficient and fell
below the sufficiency range towards the end of the season (Figure 3.1 ii). P
concentrations were sufficient throughout the growing season (Figure 3.2 iii). K
started at the lower end of the sufficiency limit and increased towards the middle
of the range and stayed sufficient (Figure 3.2 iv). Ca started below the
sufficiency range and increased throughout the growing season into the
sufficiency range (Figure 3.2 v).
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*i)

ii)

Figure 3.1 The effect of Fe applications on concentration of (i) iron and (ii) zinc in
peach leaf samples throughout the growing season at site C in 2013. Horizontal
lines represent the currently adopted upper and lower sufficiency limits. Letters
indicate significant differences within a sampling date at p ≤ 0.10.

* indicates treatment by date interactions.
between date for given treatments

Same letter comparisons valid
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iii)

iv)

v)

Figure 3.2 The effect of Fe applications on concentration of (iii) phosphorus, (iv)
potassium, and (v) calcium in peach leaf samples throughout the growing season
at site C in 2013. Horizontal lines represent currently adopted upper and lower
sufficiency limits. Letters indicate significant differences within a sampling date
at p ≤ 0.10.
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vi)

Figure 3.3 The effect of Fe applications on new growth (vi) at site C in 2013.
Horizontal lines represent currently adopted upper and lower sufficiency limits.
Letters indicate significant differences at p ≤ 0.10.

There were treatment differences in nutrient concentrations within each
date for K (all differences are considered significant at p ≤ 0.10) but not for any of
the other nutrients analyzed.. Nutrient concentrations of treatment DTPA-Fe
foliar low were significantly different than EDDHA-Fe soil (+acid) high. All other
treatments in K were not different. There were treatment differences across
dates for Fe. All nutrient concentrations of treatments at bloom were significantly
different from treatments found at mid-season and pre-harvest. Treatments in
mid-season and pre-harvest were not different.
New growth lengths reached sufficient ranges (Figure 3.3 vi). There were
no treatment differences in new growth length.
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Yield was not recorded.
Site C 2014
Trends in leaf nutrient content for site C in 2014 were similar to trends in
2013. Fe, Zn, P, K, and Ca all stayed within the sufficiency limits (Figures 3.43.5). Fe again appeared to stay at the lower end of the sufficiency limit.
There were treatment differences in nutrient concentrations within each
date for Fe and K (all differences are considered significant at p ≤ 0.10) but not
for any of the other nutrients analyzed. Fe concentrations of DTPA-Fe foliar low
was significantly different than DTPA-Fe foliar high. Treatments of DTPA-Fe
foliar low and DTPA-Fe foliar high were significantly different than EDDHA-Fe
soil (+acid) high in K concentrations. All other treatments in Fe and K did not
show differences.
Yield and new growth were not recorded.
Site D.1
Tissue concentrations of Fe consistently stayed at the lower end of the
sufficiency range (Figure 3.6 i). Zn started sufficient and fell below the
sufficiency range towards the end of the season (Figure 3.6 ii). P concentrations
were sufficient throughout the growing season (Figure 3.7 iii). K was sufficient
throughout the season but stayed at the lower end of the sufficiency limit with an
increase of concentration mid-season (Figure 3.7 iv). Ca started below the
sufficiency range and increased throughout the growing season into the
sufficiency range (Figure 3.7 v).
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i)

ii)

Figure 3.4 The effect of Fe applications on concentration of (i) iron, and (ii) zinc in
peach leaf samples throughout the growing season at site C in 2014, one year
after original application. Horizontal lines represent currently adopted upper and
lower sufficiency limits. Letters indicate significant differences within a sampling
date at p ≤ 0.10.
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iii)

iv)

v)

Figure 3.5 The effect of Fe applications on concentration of (iii) phosphorus, (iv)
potassium, and (v) calcium in peach leaf samples throughout the growing season
at site C in 2014, one year after original application. Horizontal lines represent
currently adopted upper and lower sufficiency limits. Letters indicate significant
differences within a sampling date at p ≤ 0.10.
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There were no treatment differences in nutrient concentrations within each
date for all nutrients (all differences are considered significant at p ≤ 0.10).
New growth lengths reached sufficient ranges (Figure 3.8 vi). There were
no treatment differences in new growth length.
Yield was measured by peach weights and resulted in treatment
differences (Figure 3.8 vii). The yields from control were significantly different
from EDDHA-Fe soil (+acid) low. All other treatments in yield were not different.
Although yield had significant differences, the results were not meaningful.
Results show that yield from all treatments were higher than the control. Yield
ranged from 2 to 4 kg/tree.
Site D.2
Fe tissue concentrations consistently stayed towards the lower end of the
sufficiency range (Figure 3.9 i). Zn started sufficient and fell below the
sufficiency range towards the end of the season (Figure 3.9 ii). P concentrations
were sufficient throughout the growing season (Figure 3.10 iii). K was sufficient
throughout the season but consistently stayed near the lower end of the
sufficiency limit (Figure 3.10 iv). Ca started below the sufficiency range and
gradually increased throughout the growing season into the sufficiency range
(Figure 3.10 v).
There were no treatment differences in nutrient concentrations within each
date for all nutrients but there were treatment by date interactions for Fe (all
differences are considered significant at p ≤ 0.10).
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i)

ii)

Figure 3.6 The effect of Fe applications on concentration of (i) iron and (ii) zinc in
peach leaf samples throughout the growing season at site D.1 in 2013.
Horizontal lines represent currently adopted upper and lower sufficiency limits.
Letters indicate significant differences within a sampling date at p ≤ 0.10.
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iii)

iv)

v)

Figure 3.7 The effect of Fe applications on concentration of (iii) phosphorus, (iv)
potassium, (v) calcium in peach leaf samples throughout the growing season at
site D.1 in 2013. Horizontal lines represent currently adopted upper and lower
sufficiency limits. Letters indicate significant differences within a sampling date
at p ≤ 0.10.
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vi)

vii)

Figure 3.8 The effect of Fe concentrations on new growth (vi) and yield (vii) at
site D.1 in 2013. Yield was measured by weighing peaches from the center two
trees within the plot. Horizontal lines represent currently adopted upper and
lower sufficiency limits. Letters indicate significant differences at p ≤ 0.10.
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New growth lengths reached sufficient ranges (Figure 3.11 vi). There
were no treatment differences in new growth length.
Yield was not recorded.
Site E
Tissue concentrations of Fe, Zn, P, K, and Ca stayed sufficient throughout
the growing season. Fe consistently stayed at the lower end of the sufficiency
range (Figure 3.12 i). Zn stayed near the lower end of the sufficiency range while
slowly decreasing throughout the growing season (Figure 3.12 ii). P started
above the higher end of the sufficiency range and fell towards the lower end of
the range at the end of the season (Figure 3.13 iii). K stayed constantly within
the sufficiency range (Figure 3.13 iv). Ca stayed within the lower end of the
sufficiency range (Figure 3.13 v).
There were no treatment differences in nutrient concentrations within each
date for all nutrients but there were treatment by date interactions for K (all
differences are considered significant at p ≤ 0.10), Ca, and Fe.
New growth lengths reached sufficient N ranges (Figure 3.14 vi). There
were no treatment differences in new growth length.
Yield was measured by peach weights showed no treatment differences
(Figure 3.14 vii). Yield ranged from 1 to 5 kg/tree.
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*i)

ii)

Figure 3.9 The effect of Fe applications on concentration of (i) iron and (ii) zinc in
peach leaf samples throughout the growing season at site D.2 in 2013.
Horizontal lines represent currently adopted upper and lower sufficiency limits.
Letters indicate significant differences within a sampling date at p ≤ 0.10.

* indicates treatment by date interactions.
between date for given treatments.

Same letter comparisons valid
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iii)

iv)

v)

Figure 3.10 The effect of Fe applications on concentration of (iii) phosphorus, (iv)
potassium, and (v) calcium in peach leaf samples throughout the growing season
at site D.2 in 2013. Horizontal lines represent currently adopted upper and lower
sufficiency limits. Letters indicate significant differences within a sampling date
at p ≤ 0.10.
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vi)

Figure 3.11 The effect of Fe applications on new growth (vi) at site D.2 in 2013.
Horizontal lines represent currently adopted upper and lower sufficiency limits.
Letters indicate significant differences at p ≤ 0.10.

Site F
Fe, P, K, and Ca tissue concentrations stayed sufficient throughout the
growing season. Fe remained constant at the lower end of the sufficiency range
(Figure 3.15 i). Zn started sufficient and fell below the sufficiency range towards
the end of the season (Figure 3.15 ii). P started above the higher end of the
sufficiency range and fell towards the lower end of the range at the end of the
season (Figure 3.16 iii). K stayed constant in the low to middle range of the limits
(Figure 3.16 iv). Ca started at the low end of the range but gradually increased
to the higher end of the sufficiency range (Figure 3.16 v).
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*i)

ii)

Figure 3.12 The effect of Fe applications on concentration of (i) iron and (ii) zinc
in peach leaf samples throughout the growing season at site E in 2014.
Horizontal lines represent currently adopted upper and lower sufficiency limits.
Letters indicate significant differences within a sampling date at p ≤ 0.10.

* indicates treatment by date interactions.
between date for given treatments.

Same letter comparisons valid
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iii)

*iv)

*v)

Figure 3.13 The effect of Fe applications on concentration of (iii) phosphorus, (iv)
potassium, and (v) calcium in peach leaf samples throughout the growing season
at site E in 2014. Horizontal lines represent currently adopted upper and lower
sufficiency limits. Letters indicate significant differences within a sampling date
at p ≤ 0.10.

* indicates treatment by date interactions.
between date for given treatments.

Same letter comparisons valid
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vi)

vii)

Figure 3.14 The effect of Fe applications on new growth (vi) and yield (vii) at site
E in 2014. Yield was measured by weighing peaches from the center tree within
the plot. Horizontal lines represent currently adopted upper and lower sufficiency
limits. Letters indicate significant differences at p ≤ 0.10.
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There were treatment differences in nutrient concentrations within each
date for Fe (all differences are considered significant at p≤ 0.10) but not for any
of the other nutrients analyzed. The nutrient concentration in the control,
treatments of EDDHA-Fe foliar low, and EDDHA-Fe soil (+acid) high were
significantly different than DTPA-Fe foliar low. Treatment of EDDHA-Fe soil (acid) low was not different from other treatments.
New growth lengths reached sufficient ranges (Figure 3.17 vi). There
were no treatment differences in new growth length.
Yield was not recorded.
Site G
Fe, P, and Ca tissue concentrations stayed sufficient throughout the
growing season. Fe remained constant the lower end of the sufficiency range
(Figure 3.18 i). Zn started sufficient and fell below the sufficiency range towards
the end of the season (Figure 3.18 ii). P started above the higher end of the
sufficiency range and fell towards the middle of the range at the end of the
season (Figure 3.19 iii). K stayed constant at or below the sufficiency range
(Figure 3.19 iv). Ca started at the low end of the range but gradually increased
to the higher end of the sufficiency range (Figure 3.19 v).
There were no treatment differences in nutrient concentrations within each
date for all nutrients but there were treatment by date interactions for Fe (all
differences are considered significant at p ≤ 0.10).
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i)

ii)

Figure 3.15 The effect of Fe applications on concentration of (i) iron and (ii) zinc
in peach leaf samples throughout the growing season at site F in 2014.
Horizontal lines represent currently adopted upper and lower sufficiency limits.
Letters indicate significant differences within a sampling date at p ≤ 0.10.
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iii)

iv)

v)

Figure 3.16 The effect of Fe applications on concentration of (iii) phosphorus, (iv)
potassium, and (v) calcium in peach leaf samples throughout the growing season
at site F in 2014. Horizontal lines represent currently adopted upper and lower
sufficiency limits. Letters indicate significant differences within a sampling date
at p ≤ 0.10.
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vi)

Figure 3.17 The effect of Fe applications on new growth (vi) at site F in 2014.
Horizontal lines represent currently adopted upper and lower sufficiency limits.
Letters indicate significant differences at p≤ 0.10.

New growth lengths reached sufficient ranges (Figure 3.20 vi). There
were no treatment differences in new growth length.
Yield was not recorded.
Tissue nutrient concentrations change during a growing season. P, K, Fe,
and Zn leaf concentrations decreased, whereas Ca concentration increased. All
sites had similar nutrient concentration trends except for K, and Ca. K and Ca
levels did not increase or decrease at site E. In site E, K concentrations stayed
at the higher sufficiency limit and Ca stayed at the lower sufficiency limit.
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*i)

ii)

Figure 3.18 The effect of Fe applications on concentration of (i) iron and (ii) zinc
in peach leaf samples throughout the growing season at site G in 2014.
Horizontal lines represent currently adopted upper and lower sufficiency limits.
Letters indicate significant differences within a sampling date at p ≤ 0.10.

* indicates treatment by date interactions.
between date for given treatments.

Same letter comparisons valid
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iii)

iv)

v)

Figure 3.19 The effect of Fe applications on concentration of (iii) phosphorus, (iv)
potassium, and (v) calcium in peach leaf samples throughout the growing season
at site G in 2014. Horizontal lines represent currently adopted upper and lower
sufficiency limits. Letters indicate significant differences within a sampling date
at p ≤ 0.10.
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vi)

Figure 3.20 The effect of Fe applications on new growth (vi) at site G in 2014.
Horizontal lines represent currently adopted upper and lower sufficiency limits.
Letters indicate significant differences at p ≤ 0.10.

Fe and Zn concentrations in peach were consistently at or below the lower
sufficiency limit throughout the growing season. Both nutrients did not reach into
sufficient ranges.
P tissue concentrations were within sufficiency limits and at some sites, P
would decrease and stay towards the lower limit at the end of the season. K
concentrations were consistently near the lower limit. Ca started below the
sufficiency limit but increased into the range over the course of the season.
New growth measurements were taken to monitor N status.
Measurements at peach sites were all within or above recommended sufficiency
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limits. Current grower management practices of N in peach orchards show
sufficient N status in leaf tissues.
Leaf Sampling Time for Determining Optimal Nutritional Status for Peach
This experiment was designed to determine the best time to sample leaf
tissue for prediction of nutrient status at harvest. Three different approaches
were used to present the results of these findings; statistical evaluation of the
differences between nutrient statuses at different sampling dates; correlation of
nutrient concentrations at bloom or mid-season to pre-harvest values, and a
qualitative prediction of pre-harvest sufficiency status.
Statistical Evaluation of Nutrient Status and Sampling Dates Differences
Site C 2013
There was a significant treatment by date interaction for concentrations of
Fe which means that treatments across dates were different (Figure 3.21 for Fe;
all differences are considered significant at p ≤ 0.10).
Nutrient concentrations at bloom were significantly different from both midseason and pre-harvest for Zn, P, K, and Ca. (Table 3.2 for p values of sample
date differences). Nutrient concentrations at mid-season were significantly
different from nutrient concentrations at pre-harvest for Zn, P, K, and Ca.
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*

Figure 3.21 The effect of Fe applications on sample date differences for iron
concentrations at site C in 2013. Horizontal lines represent currently adopted
upper and lower sufficiency limits. Letters indicate significant differences at p ≤
0.10.

* indicates treatment by date interactions.

Same letter comparisons valid

between date for given treatments.

Site C 2014
Nutrient concentrations at bloom were significantly different from both midseason and pre-harvest for Fe, Zn, P, and Ca (Figure 3.22 for Fe and Table 3.2
for p values of sample date differences; all differences are considered significant
at p ≤ 0.10). Bloom was significantly different from mid-season for K. Bloom
showed no differences from pre-harvest for K. Nutrient concentrations in the
middle of the season were significantly different from nutrient concentrations at
pre-harvest for Zn, K, and Ca. Mid-season showed no differences from preharvest for Fe and P.
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Table 3.2 P-values for Sample Date Differences
for Site C in 2013 and 2014
Site
C

Year Nutrient
2013 P

K

Ca

Fe

Zn

C

2014 P

K

Ca

Fe

Zn

Date vs Date
1
2
1
3
2
3
1
2
1
3
2
3
1
2
1
3
2
3
1
2
1
3
2
3
1
2
1
3
2
3
1
2
1
3
2
3
1
2
1
3
2
3
1
2
1
3
2
3
1
2
1
3
2
3
1
2
1
3
2
3

Adj P
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
T*D
Interaction
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.153
0.0181
0.7304
0.0037
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.8209
<0.0001
<0.0001
0.0478
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Figure 3.22 The effect of Fe applications on sample date differences for iron
concentrations at site C in 2014, one year after original application. Horizontal
lines represent currently adopted upper and lower sufficiency limits. Letters
indicate significant differences at p ≤ 0.10. Same letter comparisons above the
graph are valid across treatments at each date.

Site D.1
Nutrient concentrations at bloom were significantly different from both midseason and pre-harvest for Zn, P, K, and Ca (Table 3.3 for p values of sample
date differences; all differences are considered significant at p ≤ 0.10). Bloom
was significantly different from pre-harvest for Fe (Figure 3.23 for Fe). Bloom
showed no differences from mid-season for Fe. Nutrient concentrations in the
middle of the season were significantly different from nutrient concentrations at
pre-harvest for K, Ca, Fe, and Zn. Mid-season showed no differences from preharvest for P.
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Figure 3.23 The effect of Fe applications on sample date differences for iron
concentrations at site D.1 in 2013. Horizontal lines represent currently adopted
upper and lower sufficiency limits. Letters indicate significant differences at p ≤
0.10. Same letter comparisons above the graph are valid across treatments at
each date.

Table 3.3 P-values for Sample Date Differences
for Site D.1 in 2013
Site
D.1

Year Nutrient
2013 P

K

Ca

Fe

Zn

Date vs Date
1
2
1
3
2
3
1
2
1
3
2
3
1
2
1
3
2
3
1
2
1
3
2
3
1
2
1
3
2
3

Adj P
<0.0001
<0.0001
0.148
<0.0001
0.0002
<0.0001
<0.0001
<0.0001
<0.0001
0.1073
<0.0001
0.0128
<0.0001
<0.0001
<0.0001
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Site D.2
There was a significant treatment by date interaction for concentrations of
Fe which means that treatments across dates were different (Figure 3.24 for Fe;
all differences are considered significant at p ≤ 0.10).
Nutrient concentrations at bloom were significantly different from both midseason and pre-harvest for Zn, P, and Ca (Table 3.4 for p values of sample date
differences). Bloom was significantly different from mid-season for K. Bloom
showed no differences from pre-harvest for K. Nutrient concentrations at midseason were significantly different from pre-harvest for Zn, P, K, and Ca.

*

Figure 3.24 The effect of Fe applications on sample date differences for iron
concentrations at site D.2 in 2013. Horizontal lines represent currently adopted
upper and lower sufficiency limits. Letters indicate significant differences at p ≤
0.10.

* indicates treatment by date interactions.
between date for given treatments.

Same letter comparisons valid
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Table 3.4 P-values for Sample Date Differences
for Site D.2 in 2013
Site
D.2

Year Nutrient
2013 P

K

Ca

Fe

Zn

Date vs Date
1
2
1
3
2
3
1
2
1
3
2
3
1
2
1
3
2
3
1
2
1
3
2
3
1
2
1
3
2
3

Adj P
<0.0001
<0.0001
0.0486
<0.0001
0.1845
<0.0001
<0.0001
<0.0001
<0.0001
T*D
Interaction
<0.0001
<0.0001
<0.0001

Site E
There was a significant treatment by date interaction for concentrations of
Fe, K, and Ca which means that treatments across dates were different (Figure
3.25 for Fe and Table 3.5 for p values of sample date differences; all differences
are considered significant at p ≤ 0.10).
Nutrient concentrations at bloom were significantly different from both midseason and pre-harvest for Zn and P. Nutrient concentrations in the middle of
the season were significantly different from nutrient concentrations at pre-harvest
for Zn. Mid-season showed no differences from pre-harvest for P.
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*

Figure 3.25 The effect of Fe applications on sample date differences for iron
concentrations at site E in 2014. Horizontal lines represent currently adopted
upper and lower sufficiency limits. Letters indicate significant differences at p ≤
0.10.

* indicates treatment by date interactions.

Same letter comparisons valid

between date for given treatments.

Site F
Nutrient concentrations at bloom were significantly different from both midseason and pre-harvest for Fe, Zn, P, K, and Ca (Figure 3.26 for Fe and Table
3.6 for p values of sample date differences; all differences are considered
significant at p ≤ 0.10). Nutrient concentrations in the middle of the season were
significantly different from nutrient concentrations at pre-harvest for Zn, P, K, and
Ca. Mid-season showed no differences from pre-harvest for Fe.
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Table 3.5 P-values for Sample Date Differences
for Site E in 2014
Site
E

Year Nutrient
2014 P

K

Ca

Fe

Zn

Date vs Date
1
2
1
3
2
3
1
2
1
3
2
3
1
2
1
3
2
3
1
2
1
3
2
3
1
2
1
3
2
3

Adj P
<0.0001
<0.0001
<0.0001
T*D
Interaction
T*D
Interaction
T*D
Interaction
<0.0001
<0.0001
0.4

Site G
There was a significant treatment by date interaction for concentrations of
Fe which means that treatments across dates were different (Figure 3.27 for Fe;
all differences are considered significant at p ≤ 0.10).
Nutrient concentrations at bloom were significantly different from both midseason and pre-harvest for Zn, P, and Ca (Table 3.7 for p values of sample date
differences). Bloom showed no differences from mid-season and pre-harvest for
K. Nutrient concentrations in the middle of the season were significantly different
from nutrient concentrations at pre-harvest for Zn, P, and Ca. Mid-season
showed no differences from pre-harvest for K.
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Figure 3.26 The effect of Fe applications on sample date differences for iron
concentrations at site F in 2014. Horizontal lines represent currently adopted
upper and lower sufficiency limits. Letters indicate significant differences at p ≤
0.10. Same letter comparisons above the graph are valid across treatments at
each date.

Table 3.6 P-values for Sample Date Differences
for Site F in 2014
Site
F

Year Nutrient
2014 P

K

Ca

Fe

Zn

Date vs Date
1
2
1
3
2
3
1
2
1
3
2
3
1
2
1
3
2
3
1
2
1
3
2
3
1
2
1
3
2
3

Adj P
<0.0001
<0.0001
0.0232
<0.0001
0.0016
0.0006
<0.0001
<0.0001
0.0002
0.0688
0.0347
0.999
<0.0001
<0.0001
<0.0001
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*

Figure 3.27 The effect of Fe applications on sample date differences for iron
concentrations at site G in 2014. Horizontal lines represent currently adopted
upper and lower sufficiency limits. Letters indicate significant differences at p ≤
0.10.

* indicates treatment by date interactions.

Same letter comparisons valid

between date for given treatments.

Correlation of Nutrient Concentrations at Bloom or Mid-season to Pre-harvest
P, K, Fe, and Zn values for peach tissue nutrient concentrations at bloom
or middle of the season were plotted against values at pre-harvest (Figure 3.28).
Values fall near the 1:1 line when bloom and mid-season values best correlate
values at pre-harvest. Mid-season values were near or on the 1:1 line for all
nutrients. Values at bloom were almost always found further away from the 1:1
line.
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Table 3.7 P-values for Sample Date Differences
for Site G in 2014
Site
G

Year Nutrient
2014 P

K

Ca

Fe

Zn

Date vs Date
1
2
1
3
2
3
1
2
1
3
2
3
1
2
1
3
2
3
1
2
1
3
2
3
1
2
1
3
2
3

Adj P
<0.0001
<0.0001
0.0105
0.3497
0.2808
0.964
<0.0001
<0.0001
<0.0001
T*D
Interaction
<0.0001
<0.0001
<0.0001

Qualitative Prediction of Pre-harvest Sufficiency Status
Nutrient status classifications at bloom and mid-season were compared to
pre-harvest nutrient sufficiency status for Fe and Zn. Table 3.8 is a way to
correlate the categorical classification (sufficient or deficient) at bloom and midseason with the pre-harvest classification. Negative (-) symbols represent
occasions where the classifications were different. Positive (+) symbols are
occasions where the classifications were the same as the pre-harvest status.
Positive (+) occurrences serve as a predictor of the final condition at pre-harvest.
Almost all sites showed that mid-season nutrient status consistently agreed with
pre-harvest sufficiency status.

Figure 3.28 Nutrient values at bloom or mid-season compared to pre-harvest in peach.
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Table 3.8 Qualitative Prediction of Pre-harvest Sufficiency Status in Peach
Tree Fruit

Site

Year

2013
C
2014

D.1
2013
Peach

D.2

E

F

G

2014

Nutrient
Fe
Zn
P
K
Ca
Fe
Zn
P
K
Ca
Fe
Zn
P
K
Ca
Fe
Zn
P
K
Ca
Fe
Zn
P
K
Ca
Fe
Zn
P
K
Ca
Fe
Zn
P
K
Ca

Bloom vs. Pre-harvest
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

Mid-season vs. Pre-harvest
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
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Leaf concentrations at bloom, mid-season, and pre-harvest were
significantly different from each other for many of the sites used in this
experiment. Treatment concentrations at each date were significantly different
from each other. There were some treatment by date interactions for Fe at sites
A in 2013, D.2, and G. Site E had treatment by date interactions for Fe, K, and
Ca.
The optimal time to leaf tissue sample is in the middle of the season for
prediction of nutrient sufficiency status at harvest. Mid-season sampling also
allows time for corrective measures to ensure sufficiency levels are met or
maintained for optimum fruit production.
Conclusion
Nutrient sufficiency ranges specific to Utah’s highly alkaline soils and arid
climate have not been established. Sufficiency limits used in Utah were
developed from out-of-state management programs in the 1960s. The
recommended sufficiency limits used in Utah for peach are valid for P, K, Ca, Fe,
and Zn.
Iron deficiency is an ongoing problem found in Utah fruit crops, especially
peach. Plants are unable to take up available Fe because of Utah’s alkaline
soils. Fe and Zn tissue concentrations in peach were consistently at or below the
minimum threshold sufficiency values over the season. This was reflected in
what was seen in the orchards. Fe fertilizer applications did not alter Fe leaf
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concentrations consistently. Additional Fe applications should be added to reach
sufficiency limits.
P and Ca leaf concentrations were sufficient throughout the growing
season. K concentrations at all sites, except for site E, were consistently at or
near the lower sufficiency limits. Additional K applications should be applied to
maintain sufficiency levels.
Mid-season sampling is able to predict harvest nutrient status and
correlate differential plant responses to in-season fertilizer management. The
best time to sample leaves to maintain sufficiency levels and reach maximum
fruit production is in the middle of the season. Growers are able to make
corrective fertilizer applications where it is needed before fruit quality and
production are affected.

86
CHAPTER 4
YEAR TO YEAR CARRYOVER EFFECT FROM PREVIOUS NUTRIENT
APPLICATIONS TO TART CHERRY
Nutrient management practices are used to increase tree development
and fruit quality. Optimal yield and fruit quality can be obtained by an
understanding of tree nutrient reserves and mobilization (Swietlik, 2003). During
the growing season, plant roots act as sinks to collect available nutrients (Mengel
& Kirkby, 1979). After the plants are finished growing, the process is reversed
and nutrients are released back into the soil or are stored within the plant over
winter to be used in the following spring (Mengel & Kirkby, 1979). Fruit trees are
able to endure physiological and environmental demands. They are able to use
nutrient reserves to grow and form flower buds for the following season after
producing heavy loads of crops (Faust, 1989).
Fertilizer management effects in perennial tree fruit crops are difficult to
measure because nutrient availability changes with tree development; as buds
form, shoots grow, fruit set, and reserves are filled (Faust, 1989). Nutrients are
applied annually to trees through soil or foliar fertilizer applications, depending on
the type of crop and available nutrients. There are processes that make it
difficult for trees to take up nutrients from the soil, such as bud formation and leaf
growth. As a result, trees use their nutrient reserves to supply these developing
processes (Faust, 1989).
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Nutrient status and distribution of fruit trees are influenced by the amount
of fertilizer applied per year, time of application, date and duration of nutrient
availability (Lüdders, 1979). A large application can have different results than
repeated fertilizer applications throughout the year. These differences affect
fertilizer needs and nutrient availability. Fertility management stabilizes
productivity and fruit quality in tart cherries (Rowley, 2013). Phosphorus and
potassium are two nutrients that are important for fruit production, growth, and
yield.
Phosphorus
Phosphorus is needed in small applications because plants reuse
additional P when leaves start to decompose (Rowley, 2013; Mengel & Kirkby,
1979). Studies done in the 1950s showed that P and K applications did not
affect tree vigor or fruit size (Wann, 1954). Earlier studies also reported that
responses to P were rare in apple and pear trees but studies are recently starting
to show a relationship between available P and fruit production. Soils and leaves
low in available P showed a response to improved vigor and productivity (Raese,
1998). Phosphorus levels in apples are also positively correlated with fruit
firmness (Faust, 1989).
Long term applications of P fertilizers resulted in P accumulation in apple
orchards, which in turn contributed to P uptake (Wang et al., 2015). Apple trees
that were treated with P fertilizers contained residues in fruit and buds two years
after original application (Malusa & Tosi, 2005).
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Potassium
Potassium is needed in large quantities for plant production and is
associated with fruit growth (Faust, 1989). Fruits accumulate large amounts of K.
For instance, when a tree produces a heavy load of fruit, deficiency symptoms
immediately appear because the fruits are accumulating the available K.
Potassium content and fruit acidity are also closely related (Lüdders, 1979).
Nitrogen added with K fertilizers has had positive fruit quality results (Wann,
1954).
Early studies suggested limited to no interaction between P and K and
plants. Very little research has been done to see the effect of P and K on tart
cherries. Rowley (2013) reported that supplemental P and K applications
positively improved fruit development, quality and yield.

Regularly added P and

K increased fruit quality, especially size, color, and acidity (Rowley, 2013).
This study was performed by measuring yield during harvest on previously
treated tart cherry orchards and focused primarily on residual effect of P and K
fertilizers done in 2011. Site A is located in Santaquin, Utah and site B is located
in West Payson, Utah as previously described in Chapter 2.
Yield was measured and recorded for each site during harvest with a tank
depth gauge as described in Chapter 2. Mean yield was compared using an
analysis of variance with PROC GLIMMIX (V.9.4; SAS Institute, Inc., Cary, NC,
USA).
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Results and Discussion
Site A
There were no significant differences between treatments for yields at Site
A in 2013 (Figure 4.1; all differences are considered significant at p ≤ 0.10).
Yield ranged from 35 to 41 kg/tree.
Yields from the year of application (2011) were higher than two years after
application in 2013 (Figure 4.2). There were significant treatment differences in
2011. Yields from treatments 0.45 kg 0-16-16 and 0.91 kg 0-16-16 were
significantly different than yields from the control, treatments of 0.23 kg 0-16-16,
0.45 kg 0-16-16 (2X), and 0.91 kg 0-16-16 (2X). Yield from 2011 ranged from 46
to 60 kg/tree.

Figure 4.1 Yield results for Site A in 2013. Results are two years after original
application. Fruit yield is measured in kg/tree.
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Figure 4.2 Yield results for Site A in 2011. Fruit yield is measured in kg/tree.

The grower at site A adopted nutrient management recommendations
established by Rowley (2013) the year after the original study was completed
(2012). This likely masked any differences between yields from previously
treated plots (Figure 4.3). This can be expected when plants become healthy
again and nutrient concentrations are sufficient. This may happen because
adequate amounts of nutrients are translocated to different parts of the plant that
were in need of the nutrient. Once all the functions in the plant are working
correctly, then the plant starts to develop in a healthy state and attempts to reach
optimal growth and production.
Yields in 2013 at site A are considered low compared to yields measured
from aggressively managed and moderately aggressive managed orchards in
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2011 (Figure 4.7). According to the scale in the figure, yields at the aggressively
managed orchard in 2011 were more than double the yields from site A in 2013.
Yields at the moderately aggressive manage orchard in 2011 were close to
double the yields from site A in 2013. Yields are higher in site A than B for both
2011 and 2014 but are still considered low.
Site B
There was no significant difference between treatments for yields at Site B
in 2014 (Figure 4.4; all differences are considered significant at p ≤ 0.10). Yield
ranged from 19 to 31 kg/tree.

Figure 4.3 Side by side comparison between yield for site A in 2011 and 2013.
Yields were compared using relative values to normalize for different factors.
Letters indicate significant differences at p ≤ 0.10. Missing letters indicate no
differences.
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Figure 4.4 Yield results for Site B in 2014. Results are three years after original
application. Fruit yield is measured in kg/tree.

Yield from year of application (2011) was higher than three years after
application in 2014 (Figure 4.5). There were significant treatment differences in
2011. Yields from treatments of 0.91 kg 0-16-16, 0.45 kg 0-16-16 (2X), and 0.91
kg 0-16-16 (2X) were significantly different than the yields from the control and
treatment 0.23 kg 0-16-16. Yields from treatment 0.45 kg 0-16-16 did not differ
from the other treatments. Yield ranged from 31 to 39 kg/tree.
Site B continued with their original fertilizer application rates after the 2011
experiment, which consisted of little to no nutrient additions. After three years,
there is residual effect of fertilizers found in yield. Although there were no
significant statistical differences between treatments of yield, the results showed
a meaningful difference between the rates of applications (Figure 4.6). Yields
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Figure 4.5 Yield results for Site B in 2011. Fruit yield is measured in kg/tree.

Figure 4.6 Side by side comparison between yield for site B in 2011 and 2014.
Yields were compared using relative values to normalize for different factors.
Letters indicate significant differences at p ≤ 0.10. Missing letters indicate no
differences.
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increased as fertilizer rates increased. This was originally shown in yield from
2011 (Figure 4.7). The higher the rate of fertilizer applied, the higher the yield.
Although yields showed an increase with higher fertilizer rates, yields at
site B are very low. Yields at site B in 2014 compared to yields at aggressively
managed and moderately aggressive managed orchards from 2011 show a
noticeable difference in fruit load. Yields at the aggressively managed orchard in
2011 were more than triple the yields at site B in 2014. Yields at the moderately
aggressive managed orchard in 2011 were close to triple the yields of site B in
2014.
Immediate effects of annual fertilizer application are not always visible.
This study allowed potential to observe long term carryover of previous
treatments. Site B showed similar trends in the year of application and three
years after application. This observation furthered interest in looking at the
cumulative effect of nutrient applications on foundation productivity of orchard
crops. The foundational productivity of the no prior nutrient management
orchard, site B, was three times lower than orchards that received annual
applications of fertilizers in 2011 (Figure 4.7). Long term nutrient management
is important to overall productivity potential.
Conclusion
Nutrient management practices are used to improve tree development and
fruit quality. Nutrition is one of the most effective ways to influence fruit quality
and growth. Phosphorus and potassium are two nutrients that are important for
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Figure 4.7 Yield results in 2011 from aggressive nutrient management
(□), moderately aggressive nutrient management ( ●), and no prior
nutrient management (x) tart cherry orchards (Site B). (Found in
Rowley, 2013)
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fruit production, growth, and yield. Tart cherry yield is a measure of P and K
accumulation.
Residual effect was found in the previously treated orchard that did not
adopt fertilizer recommendations. Yields from site B in 2011 contained similar
trends for yield measured in 2014, where yield increased with higher fertilizer
rates. The orchard that has adopted recommended fertilizer management
practices did not show residual effect. Yields in 2011 for both site A and B were
graphically and numerically higher than yields in 2013-14.
Annual fertilizer applications do not immediately show effects on
productivity. Residual effect found from previously treated plots suggest that
there is a cumulative effect of nutrient applications on foundational productivity of
orchard crops. Fertility management is important for stable and economic
production over the life of an orchard (Cardon, Black, & Rowley, 2013).
Sufficient fruit growth, size, and quality lead to optimal fruit production (Lakso &.
Goffinet, 2003). Long term nutrient management is important for overall orchard
production.
The results of this study give a better understanding of nutrient storage,
particularly P and K, in fruit trees and residual soil reserves from previous
applications. Fruit trees are able to endure seasons of biological and ecological
stresses and are still able to use nutrient reserves to produce flower buds and
fruit for the following season.

97
CHAPTER 5
CONCLUSIONS AND SUMMARY
Fruit tree nutrition needs change during the growing season as buds form,
shoots grow, fruit sets, and internal reserves are filled. Nutrient concentrations in
plant tissues are directly correlated with the nutritional status and productivity of
fruit trees. Plant tissue testing is used to effectively and accurately determine the
nutritional status of perennial plants. Sufficiency limits that are currently used in
Utah were developed in the 1960s from research data accumulated from the
primary fruit growing regions in the United States. Sufficient amounts of nutrients
result in increased fruit productivity, enhanced fruit quality, and improved
production profits (Rowley, 2013). Utah growing conditions are significantly
different from areas where recommendations have been developed (James and
Topper, 1993). Limited research has been conducted under Utah growing
conditions to validate nutrient sufficiency levels. Tissue nutrient concentrations
over time correlated well with current sufficiency limits and observed nutrient
deficiencies in the field. Tissue concentrations of P, K, Fe, and Zn were found to
be chronically low in Utah orchards.
Plant tissue nutrient levels change throughout the season as buds start to
bloom, leaves are produced, fruit develops and other physiologic demands on
trees cause redistribution of nutrients within the tree. Plant tissue analyses
determine essential nutrient concentrations in leaf tissues. Leaf sampling during
the middle of the growing season is the best predictor of nutrient status at
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harvest in both tart cherry and peach. Mid-season sampling also allows time to
correct deficient or excess nutrients found in the plants to maintain sufficiency
levels and reach maximum fruit production.
Nutrient management practices are generally applied annually to increase
yield, fruit quality, and overall health of the orchard. Yield measured on
previously treated tart cherry orchards determined fertilizer carryover in perennial
plants. The less aggressively managed orchard showed trends across
treatments, but differences were not significant.
Annual fertilizer applications do not immediately show effects on
productivity. There is a cumulative effect of nutrient applications on foundational
productivity of orchard crops. Long term nutrient management is important for
overall orchard production.
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Iron: A General Analysis of Plant Available
Iron

Function of Iron in Plants

Iron (Fe) is involved in the
development of chlorophyll. Iron is
found in many proteins and enzymes
associated with energy transfer within
the plant, including plant respiration,
plant metabolism, and photosynthesis.

Iron Deficiency Symptoms

Iron chlorosis is a yellowing of plant
leaves caused by iron deficiency. The
primary symptom of iron deficiency is
characterized by yellow leaves with
dark green veins, also known as,
interveinal chlorosis. Extreme
deficiencies may turn the leaves from
yellow to bleached white. Leaf
yellowing illustrates low levels of
chlorophyll and first appears on
younger upper leaves while older
leaves remain green.
Iron deficiency occurs in areas of high
soil pH, free calcium carbonate, and
low organic matter. It can appear in
both alkaline and sandy soils where
plant available iron is low. Iron
deficiency is most likely to occur in
acid soils when high levels of
micronutrients (other than iron) are
present. Cool, damp conditions
increases iron deficiencies in plants.

Other nutrient deficiencies can cause
plants to exhibit iron deficiency
symptoms. Interveinal chlorosis is
one of the ways to distinguish iron
deficiency from zinc and manganese
deficiencies. The best way to
distinguish between nutrient
deficiencies is through soil and plant
analyses. Plant analysis is more
reliable than soil analysis.

Toxicity Symptoms

Iron toxicity occurs when the soil pH
drops and there is an abundance of
available iron. Toxicity is most likely
to occur in very wet or water-logged
conditions. It can also occur when
zinc is deficient.

Plant Tissue Analysis

Plant tissue tests are effective in
determining the sufficiency levels in a
plant. Leaf tissue samples are taken
from the middle of the current
season’s growth. Samples are taken in
the middle of the growing season. In
order to obtain true results, samples
must not be contaminated with dust
or soil. Iron deficient tissues have a
concentration of less than 50 ppm,
whereas normal leaf tissue

111
concentration ranges from 50 to 150
ppm.
In some cases, tissue analysis of iron
deficient plants can be mistaken for
healthy concentrations of iron. This is
known as the “chlorosis paradox.”
This may happen when iron is
reduced to an unavailable form or
when plant growth is stunted. High
levels of iron may occur because all
other nutrients are deficient, causing
iron levels to be high. Both dry weight
basis and per leaf basis should be
analyzed in leaf tissue samples.

Soil Analysis

Iron is presented in many forms
throughout the soil; such as, oxides,
hydroxides, adsorbed iron, and silicate
minerals. Very little of the element is
in an available form.
A composite sample must be taken
from areas of the field that are
estimated to have iron deficiency.
Samples are then extracted and
analyzed for extractable iron
concentration.

Factors Affecting Availability
Soil pH is one of the most important
factors affecting availability. Iron is
less available in high pH soils. As a
result, iron is changed to insoluble

ions. Iron is most available at low pH
levels.
Low organic matter results in low
levels of available iron.
Poorly aerated, saturated, and
compacted soils also reduce iron
uptake by plants.

Plants Sensitive to Deficiency
Plants are susceptible to iron
deficiency, depending on the crop.
Corn, sorghum, potatoes, and pinto
beans are the most susceptible crops.
Wheat and alfalfa are the least
sensitive.

Iron is a problem in perennial crops.
Deficiency problems can become more
severe as plant health declines. Iron
deficient perennial fruit crops produce
smaller fruits of poor quality, resulting
in a smaller yield.

Fertilizer Recommendations

Iron can be applied individually or in
combination with other fertilizers.
Soil applications are often not as
effective immediately, while foliar
applications are expensive and do not
provide long-term results in perennial
crops. Foliar sprays are the preferred
way to apply iron in annual crops.
Iron sulfate is the most commonly
used iron fertilizer in low pH soils.
Chelates are also frequently used but
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are significantly more expensive than
inorganic iron salts. However,
EDDHA-Fe soil chelate, also known as
iron 138, is the most effective in high
pH soils.

Correcting Iron Deficiency

Iron deficiency can be treated by soil
application of iron chelates, soil
application of elemental sulfur
combined with ferrous sulfate when
soil pH is low, and foliar sprays
containing ferrous sulfate or chelated
iron.

Soil treatments are more effective
when treating individual trees. Foliar
applications are made during the
growing season and may be repeated
if symptoms persist.
Applying foliar sprays are effective in
restoring green color, but may not
improve yield.
Typical application rates are 0.5 to 2
lbs/acre of iron.

Sources
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Heckman, J. (2000). Iron – Evaluating the Needs of Soils and Crops in New Jersey [Fact
Sheet]. Retrieved from http://njaes.rutgers.edu/pubs/publication.asp?pid=FS971.
Kuhns, Michael and Koenig, Rich. “Preventing and Treating Iron Chlorosis in Trees
and Shrubs. Retrieved from http://forestry.usu.edu/htm/city-and-town/treecare/preventing-and-treating-iron-chlorosis-in-trees-and-shrubs.
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Plant Nutrition, 21(4), 815–825. doi:10.1080/01904169809365444
Nutrient Advantage (2003). Fert Facts. Iron Fact Sheet. Retrieved from
http://www.incitecpivot.com.au/zone_files/FertFacts/IronFS.pdf.

Römheld, V. (2000). The chlorosis paradox: Fe inactivation as a secondary event in chlorotic leaves
of grapevine. Journal of Plant Nutrition, 23(11-12), 1629–1643.
doi:10.1080/01904160009382129

Spectrum Analytic Inc. Iron (Fe++). Retrieved from
http://www.spectrumanalytic.com/support/library/ff/Fe_Basics.htm.

Westfall, D.G & Bauder, T.A. (2011). Zinc and Iron Deficiencies [Fact Sheet]. Retrieved from
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Zinc: A General Analysis of Plant Available
Zinc

Function of Zinc in plants

Zinc is involved in many functions
within a plant. Zinc is used in the
synthesis of enzymes, proteins, and
hormones, some of which are directly
involved in photosynthesis. It is an
essential co-factor with various roles
in plant metabolism. Zinc is also
involved in regulation of gene
expression. Other processes that at
least partially depend on zinc are
pollen formation, seed maturation,
and formation of starches.

Zinc Deficiency Symptoms

Zinc deficiency causes many subtle
and unsubtle visual symptoms in a
plant. Perhaps the most easily
observed symptom is an interveinal
chlorosis of the leaves. However, it is
not a good idea to rely on this
symptom to diagnose zinc deficiencies
as this is also a classic sign of iron
deficiency.
Other symptoms of zinc deficiency
include shortened internodes (and, as
a result, shortened seasonal growth),
blind nodes on young growth, smaller
than normal leaves, and deformed
leaves with wavy edges.
As a result of decreased plant
hormone levels, terminal leaves are
reset due to zinc deficiency. In
deciduous fruit trees, shortened

internodes at the ends of branches can
create a bottlebrush appearance.
The most troublesome symptoms of
zinc deficiency are those that lead to
decreased yield. Besides chlorosis
(which decreases photosynthetic
rates), other symptoms that
significantly reduce yield are a
decrease in fruit bud set, early loss of
foliage, and dieback of branches. Zinc
deficiency has been shown to decrease
yield, in some cases, by up to 30%.

Plant Tissue Analysis
Plant tissue analyses are the best
diagnostic tool for Zn deficiency and
are important for two main reasons.
First, visual symptoms can, at times,
lead to incorrect diagnosis. Second,
plant tissue analysis can detect zinc
deficiency in plants well before visual
symptoms become apparent. Early
detection and treatment can largely
prevent decreased yield caused by
zinc deficiency.

Normal tissue levels of zinc usually
range from 25 to 150 ppm dry matter.
A plant is usually considered deficient
when levels drop below 20 ppm.

Soil Analysis

When gathering a soil sample for zinc
analysis, it is important to avoid using
anything that is galvanized or rubber
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to collect or store the sample, as this
can lead to an inaccurate reading.

To extract zinc from the soil, a lab will
typically use a combination of
reagents to extract the portion of zinc
that is available for plant uptake. Zinc
levels below 1.0 ppm are considered
low by most labs. However, zinc
deficiency can occur regardless of zinc
soil concentration.

Factors Affecting Availability

Zinc deficiency is rarely the result of
low zinc concentration in the soil. The
most commonly observed cause for
zinc deficiency is high soil pH. When
the pH of a soil is above 7.4, the
likelihood of zinc deficiency is much
higher. This is probably because zinc
is easily bound to the carbonate in the
soil.

Areas Prone to Deficiency
Zinc deficiency can be found in most
parts of the United States (Figure B.1).
However, while zinc deficiency is
widespread in many parts of the
world, there are only three regions of
the United States where this is the
case. These three regions are Florida,
areas between Central California and
Western Texas, and areas between
Ohio and Central Nebraska.

Fig. B.1 Global distribution of reported Zn deficiency
cases. (Alloway, 2008)

Plants Sensitive to Deficiency

High soil phosphorus has also been
shown to cause zinc deficiency.
However, the reason for this is not
completely understood. While most
scientists believe that this is zinc
deficiency, it is important to note that
others believe that this is
misdiagnosed phosphorus toxicity.

Corn is the most susceptible
agronomic crop to zinc deficiency, but
pinto beans, potatoes, peach, pecan,
grapes, onions, and tomatoes are also
affected. Most economic damage
caused by zinc deficiency occurs in
fruit crops.

Other factors that commonly
contribute to zinc deficiency include
low soil organic matter in coarse soils,
and cold, wet spring weather. Less
common factors leading to zinc
deficiency include naturally high
organic matter levels (such as peat),
cool soil temperatures, boggy soils,
erosion, and high levels of other
micronutrients.

The most important characteristic of a
zinc fertilizer is that it is water
soluble.
Zinc sulfate is the most commonly
used fertilizer. Zinc oxide is also
commonly used, but is less water
soluble than zinc sulfate. Chelates, on
the other hand, are the most effective
form of zinc fertilizer, yet they are not

Fertilizers
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as common as the other zinc formulas.
However, when used, chelates can be
applied at approximately one third the
rate of other zinc fertilizers and be
equally effective.

Method and Rate of
Application

Zinc fertilizers can be applied as a
granular form that is spread on the
soil surface, as a powder that is
incorporated, or as a liquid through
fertigation.

The rate of zinc fertilizer application
depends on whether or not zinc

deficiency has been observed in the
plant. If visible symptoms have been
noticed, the recommended fertilizer
application rate is 8 to 10 lbs/ acre.
However, if no visible symptoms have
been noted, but soil tests are still low,
the recommended rate is 2 lbs/ acre.
In areas where zinc deficiency is a
problem, fertilizer application is
recommended every 2 to 3 years. In
perennial fruit crops, annual foliar
application is recommended.
Application should be made in the fall
after harvest but while leaves are still
present on the trees. Zinc sulfate
sprays can cause skin russetting on
apples.

Sources
Alloway, B. J. (2008). Zinc in soils and crop nutrition (2nd ed.). Brussels: International Zinc
Association; Paris: International Fertilizer Industry Association.
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Sheet]. Retrieved from http://njaes.rutgers.edu/pubs/publication.asp?pid=FS721
Shaver, T. & Westfall, D.G. (2008). Validity of Zinc Fertilizer Efficiency Ratios (Report No.
TB08-04). Retrieved from http://www.colostate.edu/dept/aes/Pubs/pdf/tb084.pdf
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Manganese: A General Analysis of Plant
Available Manganese

Function in plants

Manganese is essential for chloroplast
formation in plants. It is also used in
enzyme synthesis and in the
metabolism of nitrogen. However, it’s
most important function may be to
split water during photosynthesis.

Deficiency symptoms

Because Mn is plant immobile,
deficiency symptoms usually appear
in new growth first. As with iron and
zinc, interveinal chlorosis can be a
symptom of manganese deficiency. In
some crops, grey spots or strips can
appear on the leaves. In severe cases,
manganese deficiency can also cause
stunted growth.

Plant Tissue Analysis

Because manganese deficiency
symptoms are similar to those of
other micronutrient deficiencies, and
because excess manganese can also be
a problem, it is important to do both
plant tissue analysis and soil analysis
prior to applying Mn fertilizer.
Depending on the crop, minimum Mn
levels in a plant tissue analysis range
from 15-25 ppm dry matter. Any
plant with lower manganese levels
than this is considered deficient. In
mature leaves, Mn levels can reach
200 ppm in a healthy plant.

Soil Analysis

When doing a soil analysis for
manganese, it is important to also
check the pH of the soil. In low pH
soils, very low levels of manganese is
sufficient. However, much more soil
Mn is necessary in high pH soils. At
pH 5.0, 0.3 ppm manganese is
adequate. However, at pH 7.1, 9.0
ppm is considered deficient.

Factors Affecting Availability
Soil pH affects the availability of
manganese. Manganese is less
available in high pH soils. Excess
levels of manganese can be toxic to
plants in very acid soils.
Low organic matter decreases
manganese availability because
manganese is held in the organic
fraction of soil.

Poorly aerated soils increase
manganese solubility and may cause
manganese to leach out of soils.
Waterlogged conditions reduce
manganese ions to an unavailable
source for plants.

Interactions with other elements
increase manganese deficiency and
reduces manganese uptake.
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Plants Sensitive to Deficiency

Soybeans, wheat, barley, alfalfa and
oats are the most susceptible to
manganese deficiency. Corn is not as
vulnerable but is still affected.

Fertilizer Recommendations

Manganese fertilizers can be either
band-applied or applied on the foliage.
Broadcast applications are not
recommended because manganese is
converted to unavailable forms when
spread on soil. Foliar applications are
the recommended way to apply
manganese.

Correcting Manganese
Deficiency

Manganese sulfate and chelated
manganese are both commonly used
as manganese treatments. Chelated
manganese is used for foliar treatment
but is not as effective as manganese
sulfate when applied to soil.
The optimum rate for foliar
application is 1 to 2 lbs/acre and 3 to
5 lbs/acre for soil banding.
Sources
Barber, Stanley A (1984). Soil Nutrient Bioavailability: A Mechanistic Approach. WileyInterscience.

Heckman, J.R. (2000). Zinc – Manganese: The Needs of Soils and Crops in New Jersey [Fact
Sheet]. Retrieved from http://njaes.rutgers.edu/pubs/publication.asp?pid=FS973.
Hong, E., Ketterings, Q., McBride, M. (2010). Manganese [Fact Sheet]. Retrieved from
http://nmsp.cals.cornell.edu/publications/factsheets/factsheet49.pdf.
Marschner, Horst (1986). Mineral Nutrition of Higher Plants. Academic Press.

Spectrum Analytic Inc. Manganese (Mn++). Retrieved from
http://www.spectrumanalytic.com/support/library/ff/Mn_Basics.htm.
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Appendix C
Supplemental Figures and Tables for Sites A-G
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Figure C.1 Treatment comparisons in P concentrations at site A in 2013 and site B in 2014 in tart cherry leaves. Results
are two (Site A) and three (Site B) years after original application. Numbers to the right of the horizontal lines are the
currently adopted lower and upper sufficiency limits. Treatments start with control.
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Figure C.2 Treatment comparisons in K concentrations at site A in 2013 and site B in 2014 in tart cherry leaves. Results
are two (Site A) and three (Site B) years after original application. Numbers to the right of the horizontal lines are the
currently adopted lower and upper sufficiency limits. Treatments start with control.
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Figure C.3 Treatment comparisons in Ca concentrations at site A in 2013 and site B in 2014 in tart cherry leaves. Results
are two (Site A) and three (Site B) years after original application. Numbers to the right of the horizontal lines are the
currently adopted lower and upper sufficiency limits. Treatments start with control.
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Figure C.4 Treatment comparisons in Fe concentrations at site A in 2013 and site B in 2014 in tart cherry leaves. Results
are two (Site A) and three (Site B) years after original application. Numbers to the right of the horizontal lines are the
currently adopted lower and upper sufficiency limits. Treatments start with control.
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Figure C.5 Treatment comparisons in Zn concentrations at site A in 2013 and site B in 2014 in tart cherry leaves. Results
are two (Site A) and three (Site B) years after original application. Numbers to the right of the horizontal lines are the
currently adopted lower and upper sufficiency limits. Treatments start with control.
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i)

ii)

Figure C.6 Treatment comparisons for new growth measurements (i) and yield
weights (ii) at site A in 2013 and site B in 2014. Results are two (Site A) and
three (Site B) years after original application. Numbers to the right of the
horizontal lines are the currently adopted lower and upper sufficiency limits.
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Figure C.7 Treatment comparisons in P concentrations at site C in 2013 and 2014 in peach leaves. Numbers to the right
of the horizontal lines are the currently adopted lower and upper sufficiency limits. Treatments start with control.
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Figure C.8 Treatment comparisons in K concentrations at site C in 2013 and 2014 in peach leaves. Numbers to the right
of the horizontal lines are the currently adopted lower and upper sufficiency limits. Treatments start with control.
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Figure C.9 Treatment comparisons in Ca concentrations at site C in 2013 and 2014 in peach leaves. Numbers to the right
of the horizontal lines are the currently adopted lower and upper sufficiency limits. Treatments start with control.
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Figure C.10 Treatment comparisons in Fe concentrations at site C in 2013 and 2014 in peach leaves. Numbers to the
right of the horizontal lines are the currently adopted lower and upper sufficiency limits. Treatments start with control.
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Figure C.11 Treatment comparisons in Zn concentrations at site C in 2013 and 2014 in peach leaves. Numbers to the
right of the horizontal lines are the currently adopted lower and upper sufficiency limits. Treatments start with control.
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Figure C.12 Treatment comparisons in P concentrations at site D.1 and D.2 in 2013 in peach leaves. Numbers to the
right of the horizontal lines are the currently adopted lower and upper sufficiency limits. Treatment applications varied by
site. Treatments start with control.
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Figure C.13 Treatment comparisons in K concentrations at site D.1 and D.2 in 2013 in peach leaves. Numbers to the
right of the horizontal lines are the currently adopted lower and upper sufficiency limits. Treatment applications varied by
site. Treatments start with control.
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Figure C.14 Treatment comparisons in Ca concentrations at site D.1 and D.2 in 2013 in peach leaves. Numbers to the
right of the horizontal lines are the currently adopted lower and upper sufficiency limits. Treatment applications varied by
site. Treatments start with control.
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Figure C.15 Treatment comparisons in Fe concentrations at site D.1 and D.2 in 2013 in peach leaves. Numbers to the
right of the horizontal lines are the currently adopted lower and upper sufficiency limits. Treatment applications varied by
site. Treatments start with control.
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Figure C.16 Treatment comparisons in Zn concentrations at site D.1 and D.2 in 2013 in peach leaves. Numbers to the
right of the horizontal lines are the currently adopted lower and upper sufficiency limits. Treatment applications varied by
site. Treatments start with control.
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Figure C.17 Treatment comparisons for new growth measurements at site C,
D.1, and D.2 in 2013. Numbers to the right of the horizontal lines are the
currently adopted lower and upper sufficiency limits. Treatment applications
varied by site.

Figure C.18 Treatment comparisons for new growth measurements at site D.1
and D.2 in 2013. Numbers to the right of the horizontal lines are the currently
adopted lower and upper sufficiency limits. Treatment applications varied by site.
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Figure C.19 Treatment comparisons in P concentrations at site E, F, and G in 2014 in peach leaves. Numbers to the right
of the horizontal lines are the currently adopted lower and upper sufficiency limits. Treatment applications varied by site
but start with control.
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Figure C.20 Treatment comparisons in K concentrations at site E, F, and G in 2014 in peach leaves. Numbers to the right
of the horizontal lines are the currently adopted lower and upper sufficiency limits. Treatment applications varied by site
but start with control.
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Figure C.21 Treatment comparisons in Ca concentrations at site E, F, and G in 2014 in peach leaves. Numbers to the
right of the horizontal lines are the currently adopted lower and upper sufficiency limits. Treatment applications varied by
site but start with control.
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Figure C.22 Treatment comparisons in Fe concentrations at site E, F, and G in 2014 in peach leaves. Numbers to the
right of the horizontal lines are the currently adopted lower and upper sufficiency limits. Treatment applications varied by
site but start with control.
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Figure C.23 Treatment comparisons in Zn concentrations at site E, F, and G in 2014 in peach leaves. Numbers to the
right of the horizontal lines are the currently adopted lower and upper sufficiency limits. Treatment applications varied by
site but start with control.
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Figure C.24 Treatment comparisons for new growth measurements at site E, F,
and G in 2014. Numbers to the right of the horizontal lines are the currently
adopted lower and upper sufficiency limits. Treatment applications varied by site.

Figure C.25 Treatment comparisons for new growth measurements at site E and
F in 2014. Numbers to the right of the horizontal lines are the currently adopted
lower and upper sufficiency limits for mature trees. Treatment applications varied
by site.
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Figure C.26 Treatment comparisons for new growth measurements at site G in
2014. Numbers to the right of the horizontal lines are the currently adopted lower
and upper sufficiency limits for young trees. Treatment applications varied by
site.

Figure C.27 Treatment comparisons for yield weights at site D.1 in 2013 and site
E in 2014. Treatment applications varied by site.
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Table C.1 P-values for Fe Treatment*Date Differences for Site C in 2013
Site
C

Year Nutrient Treatment
2013 Fe
1

2

3

4

5

6

7

8

9

Date vs Date
1
1
2
1
1
2
1
1
2
1
1
2
1
1
2
1
1
2
1
1
2
1
1
2
1
1
2

2
3
3
2
3
3
2
3
3
2
3
3
2
3
3
2
3
3
2
3
3
2
3
3
2
3
3

Adj P
0.0356
0.0007
0.3501
0.0011
<0.0001
0.6916
0.0017
<0.0001
0.5699
0.0106
0.0167
0.9611
<0.0001
<0.0001
0.6379
<0.0001
<0.0001
0.918
0.0004
0.0002
0.9838
0.001
0.001
0.9953
<0.0001
<0.0001
0.3144

144
Table C.2 P-values for Fe Treatment*Date Differences
for Site D.2 in 2013
Site
D.2

Year Nutrient Treatment
2013 Fe
1

2

3

4

5

6

7

8

9

Date vs Date
1
1
2
1
1
2
1
1
2
1
1
2
1
1
2
1
1
2
1
1
2
1
1
2
1
1
2

Adj P
2
0.0752
3
0.0021
3
0.8409
2
0.2672
3
0.0655
3
0.963
2
0.0501
3
0.0037
3
0.9622
2
0.2999
3
0.0253
3
0.8209
2
0.0744
3
0.0002
3
0.5187
2
0.0006
3
0.0006
3
0.7392
2
0.867
3
0.5943
3
0.9672
2
0.0025
3
0.0048
3
0.7627
2 <0.0001
3 <0.0001
3
0.0045
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Table C.3 P-values for P and K Treatment*Date Differences
for Site E in 2014
Site
E

Year Nutrient Treatment
2014 K
1

2

3

4

5

6

7

Ca

1

2

3

4

5

6

7

Date vs Date
1
1
2
1
1
2
1
1
2
1
1
2
1
1
2
1
1
2
1
1
2
1
1
2
1
1
2
1
1
2
1
1
2
1
1
2
1
1
2
1
1
2

2
3
3
2
3
3
2
3
3
2
3
3
2
3
3
2
3
3
2
3
3
2
3
3
2
3
3
2
3
3
2
3
3
2
3
3
2
3
3
2
3
3

Adj P
0.9675
0.8767
0.9981
0.0014
0.0181
0.0452
0.1553
0.5421
0.3022
0.858
0.6662
0.9998
0.0168
0.3011
0.055
0.9737
0.7507
0.9688
0.8745
0.4274
0.9461
0.9572
0.4748
0.7883
0.0383
0.4063
0.0029
0.0937
0.0021
0.6923
0.686
0.0657
0.5564
0.0945
0.0371
0.0004
0.7543
0.3144
0.8864
0.9859
0.0052
0.0432
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Table C.4 P-values for Fe Treatment*Date Differences
for Site E in 2014
Site
E

Year Nutrient Treatment
2014 Fe
1

2

3

4

5

6

7

Date vs Date
1
1
2
1
1
2
1
1
2
1
1
2
1
1
2
1
1
2
1
1
2

Adj P
0.0789
2
0.0004
3
0.8372
3
0.9821
2
3
0.0003
3
0.0305
0.0076
2
3 <0.0001
0.9937
3
0.0019
2
3 <0.0001
3
0.9441
2 <0.0001
3 <0.0001
0.8082
3
2
0.0201
3 <0.0001
0.5099
3
2
0.0153
3 <0.0001
3
0.5293
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Table C.5 P-values for Fe Treatment*Date Differences
for Site G in 2014
Site
G

Year Nutrient Treatment
2014 Fe
1

2

4

5

Date vs Date
1
1
2
1
1
2
1
1
2
1
1
2

Adj P
2
0.0004
3
0.0002
3
0.9741
2
0.0002
0.0105
3
0.1369
3
2 <0.0001
0.0098
3
0.0004
3
0.0068
2
0.0376
3
3 <0.0001

148

Appendix D
Photographs

149

Figure D.1 New growth on peach trees.

150

Figure D.2 Tart cherry leaves and new growth. Leaves were stripped
from new growth and the growth was measured.

151

Figure D.3 Drying oven and dried tart leaves. Ovens are set at a temperature
constant of 60°C. Dried tart cherry leaves after being oven dried for 2-3 days.

152

Figure D.4 Thomas Scientific Wiley Mill and ground tart cherry leaves. This mill is
used to grind tissue samples.

153

Figure D.5 Weighed ground tissue samples. Ground tissue samples were
weighed and poured into digestion tubes.

154

Figure D.6 Supplies for nitric acid and hydrogen peroxide digestion. Pictured are
the digestion hotblock, vortex stirrer, nitric acid, hydrogen peroxide, and digestion
tubes.

155

Figure D.7 Nitrogen peroxide digestion and vortex stirrer. Samples were stirred
with a vortex stirrer.

156

Figure D.8 Diluted digests and scintillation vials. Digestions were diluted to final
volume with deionized water. Digests were filtered into scintillation vials.

157

Figure D.9 Filtered digests. Digests were filtered through Whatman 1 filter paper.

158

Figure D.10 Chelate solutions in ring formation. Solutions were mixed and
poured surrounding the base of the tree.

159

Figure D.11 Mixed chelate solutions and foliar spray applications. Solutions were
mixed with or without sulfuric acid, depending on orchard. Applications of
EDDHA and DTPA were sprayed on trees, depending on treatment plot.

160

Figure D.12 Peach harvest. Yield was weighed and recorded, depending on
availability.

161

Figure D.13 Tart cherry harvest. Tart cherry harvest involves two machines: one
machine shakes individual trees and the other “catches” the fallen cherries.

162

Figure D.14 Conveyor belt on tart cherry harvesting machine. This belt transfers
fallen cherries to large bins of cold water.

163

Figure D.15 Tart cherry tank depth gauge and harvest tank. Yield is measured
using a tank depth gauge. Harvest tanks are 114 cm x 91 cm x 76 cm.

164

Figure D.16 Iron chlorosis in peach leaves.

165

Figure D.17 Iron chlorosis in tart cherry leaves.
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Figure D.18 Aerial photograph of one replication at Site E in 2014. Photo was
taken on August 14. Three-tree plots are separated with one buffer tree.
(Adapted from Johnson, 2015)
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Figure D.19 Aerial photograph of one replication at Site E in 2015, one after
original application. Three-tree plots are separated by one buffer tree.
(Photograph courtesy of Mike Pace, USU Extension). This photo shows the
same plots noted in Figure D.18 taken in 2014.

